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and were approved by design review . These desi gn modi $i cati ons were incorporated 
i n  the thruster  documents (drawinas and procedures) t o  define the 3-series 
thruster. Sixteen o f  the desicln revisions were implemented i n  a 900-series 
thruster by r e t r o f i t  modification. A standardized set o f  t e s t  procedures was 
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Twenty modifications were found t o  be necessary 





The work described in this report was carried out at Hughes 

Research Laboratories, primarily during 1978, but finally completed 

in 1980. 

Center and Hughes Research Laboratories were replaced as a consequence 

of reorganizations. Initially, the program was conducted by the Ion 
Physics Department and was managed by Dr. R.L. Poeschel, assisted by 
Mr. S. Kami. In May of 1978, the fabrication of thruster hardware, 
and the work remaining on this program, was transferred to the High 

Voltage Ttchnology Department. IYr. D.E. Schnelker then served as pro- 

gram manager until ieaving HRL. Dr. C.R. Dulgeroff assumed the role 

of program manager to complete the work. 

During this period, personnel of both NASA's Lewis Research 
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The major objectives of this program were to modify the design of 
the 900-series 30-cm thruster to correct deficiencies that had been 

discovered in recent life tests and to verify the modified thruster 

design. Initially, the deficiencies in design were reviewed by Hughes 
personnel and modifications were formulated to correct those deficien- 

cies (based primarily .m results and recommendations determined under 
other NASA projects). 
modifications were submitted to NASA for approval. 

changes were approved for incorporation into the 900-series design to 

form the J-series, and 16 of these were approved for retrofit. 
SN 901 was modified accordingly to become thruster SN J1,  and tests 
were performed in accordance with a standardized acceptance test format 

(formulated under this program). 

encountered duiing this test, and the thruster was delivered to NASA's 

Lewis Research Center without the planned extended "characterization" 

of thruster performance over a wide range of operating parameters having 

been completed. It was later discovered that the modifications to the 

ion optics design had produced a thermally driven dimensional insta- 

bility of the electrode mounting structure. Further design modifica- 
tion was necessary, and work under this program was suspended until 

a "representative" J-series thruster could be supplied. 

component failures (heaters and vaporizers) delayed completion of the 
retrcfit of the remaining 900-series thrusters (under NASA contract 

NASA 3-21357) and the subsequent completion of the characterization 

tests under this program (using thruster SN 33). 
performed on this progran! and Qther NASA technology developments, the 

30-cm J-series mercury ion thruster now meets the design goals of 
130-mN thrust at 3000-sec specific impulse and 2.68-kW maximum power 

input with a projected lifetime of 15,000 hr (at full power). 

4 design review was conducted, and the design 
Twenty design 

Thruster 

Unanticipated difficulties were 

Several other 

Through the work 
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SECTION 1 

INTRODUCTION 

At the outset of this program, development of the 900-series 

mercury ion thruster was considered ta be essentially complete since 

the thruster had demonstrated the performance goals, and the only 

major deficiency was the projected wearout lifetime. 
endurance test results, the projected lifetime of the screen grid 

electrode (ion optics assembly) of the 900-series thruster was only 

10,000 hr, far less than the 15,000-hr design goal. 
of this program gas to re-examine all features of the thruster's design 

with respect to endurance test results and any other evidence of fail- 
ures or potential failures reported in the technology programs con- 

drlcted by NASA's Lewis Research Center (either in-house or by con- 

tract). A set cf design modifications was formulated and presented for 
NASA review and approval. Some of these modifications were proposed 
as corrections to specific failures (already observed), and others were 

offered as preventative measures against potential failures or fabrica- 
tion difficulties. Of the 22 design modifications proposed, 20 were 
approved for incorporation into the 900-series design to form the 

J series, and 16 were approved for retrofft into the government- 

furnished 900-series thruster (SN 901). The thruster was modified and 

a "standardized" acceptance test was formulated and performed co verify 
that the J-series thruster design provided the required performance 

characteristics. The retrofit modification of the thruster was not 
as straightforward as anticipated, and difficulties were encountered 

in applying the formalized set of preconceived test procedures on a 

new thruster. Consequently, the initial retrofit thruster, SNJ1, was 

delivered to NASA's Lewis Research Center where extensive testing was 
performed. Ultimately, additional design modifications were identified 

and incorporated in retrofitting the remaining six 900-series thrusters 

under NASA contract NAS 3-21357. 

also revised several times. 

essential design features had been verified and the test procedures had 

On the basis of 

The major objective 

The acceptance test procedures were 
After it was apparentthat all of the 
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been validated, thruster SNJ3 was furnished to this program for 

conducting an extended "characterization" of thruster performance over 

a wide range of operating parameters. In retrospect, this charac- 

terization was premature since subsequently it was discovered that the 

time required to establish equilibrium conditions (for propellant 

measurement) is longer than had been allotted under the characteriza- 

tion test plbn. Consequently, the data obtained can only be used for 

examining major trends, not fine details. 
The work described above is discussed in detail in the following 

sections; however, the work performed under this program represents 

only the first step of the work that was eventually required to obtain 

the J-series thruster design and fabrication documentation. The major 

portion of the work had to be completed under NASA contract NAS 3-21357. 
Consequently, a complete description of the J-series design, in its 

final form, has not been attempted here. This report is intended as 
an accounting of the portion of the work performed under this program, 
and the final report for contract NAS 3-21357 should be referred to 
for a complete description of the current J-series thruster design. 

12 



SECTION 2 

DOCUMENTATION REVIEW AND RECOMMENDED DESIGN MODIFICATIONS 

The i n i t i a l  phase of t h i s  program was devoted to  reviewing the  

design documentation f o r  manufacturing 30-cm ion t h r u s t e r s  and t o  iden- 

t i f y i n g  t h r u s t e r  modif icat ions considered necessary to  e l imina te  poten- 

t i a l  f a i l u r e s .  

t h a t  were approved and c a r r i e d  out  under o t h e r  programs. 

t o  r e v i s i n g  o r  d e l e t i n g  e x i s t i n g  drawings and procedures to  r e f l e c t  

changes a l ready  being followed i n  f a b r i c a t i o n  and assembly. The ident i -  

f i c a t i o n  of proposed modif icat ions r e s u l t e d  from endurance tests, s t ruc-  

t u r a l  tests, and performance c h a r a c t e r i z a t i o n  tests. 

The review served to incorpora te  c o r r e c t i v e  measures 

This amounted 

There were 22  modif icat ions recommended; of these,  20 were accepted 

by the NASA p r o j e c t  manager. 

major modif icat ions discussed f i r s t .  

These 20 are discussed below, wi th  t h e  

Screen Grid 

Based on the  erosion rate of t he  screen g r i d  during a 4000-hr endur- 

ance test, t h e  projected l i f e t i m e  of the  screen  g r i d  w a s  estimated to  

be less than 10,000 hr. Since t h e  design goa l  f o r  t h e  t h r u s t e r  l i f e -  

time is 15,000 h r ,  c o r r e c t i v e  a c t i o n  w a s  imperative. The a c t i o n  taken 

was t o  a l t e r  t he  a c c e l e r a t o r  g r i d  design. 

and Hughes Research Laborator ies  (HRL) technology programs showed t h a t  

a low transmission ( l e s s  than 30%) a c c e l e r a t o r  g r i d  permits  discharge 

chamber vol tage  t o  be lowered without a l o s s  i n  t h r u s t e r  e f f ic iency .  

A lower discharge vol tage reduces t h e  f r a c t i o n  of doubly charged ions  

t h a t  are produced i n  the chamber; t h e  lower energy and fewer doubly 

charged ions  combine t o  reduce screen g r i d  wear. 
change was t o  decrease th t -  diameter of t h e  a p e r t u r e s  i n  t h e  a c c e l e r a t o r  

g r i d  from 0.152 cm (0.060 in.) to  0.114 cm (0.045 in.). The modifi- 

ca t ion  t o  t h e  a c c e l e r a t o r  support  n e c e s s i t a t e d  by t h i s  change is d i s -  

cussed la ter  on. 

L e w i s  Research Center (LeRC) 

The recommended 
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Insulation of Wire near Cathode Polepiece 

Teflon/Kapton insulated leads connected to the cathode heater, 

magnetic baffle coil, and cathode keeper passed through the region 

around the cathode polepiece. 

the insulation to loosen; this could permit a short between the leads 

and surfaces at different potentials. This did in fact happen to the 

cathode keeper lead during the endurance test after 4000 hr of opera- 

tion. To preclude this from happening, a change in &he insulation in 
the hot region was proposed. 

ments as shown in Figure 1. 
tion was proposed. 

Operating temperatures of 2 3 0 O o C  caused 

Ceramic beads were suggested as replace- 

In the cooler regions, no change In insula- 

9181- 1 

ALUMINA BEADS 

F LON COVE RED 
APTON I NSU LATlON 

CATHODE HEATER 

MAGNETIC BAFFLE 
COIL 

CATHODE KEEPER 

MAGNETIC BAFFLE 
COIL 

Figure 1. Modification in wiring to eliminate Teflon/ 
Kapton jnsulation i n  proximity to the cath- 
ode polepiece. 
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Cathode Polepiece Wire Mesh Covering 

Wire mesh is used t o  cover s u r f a c e s  where s p u t t e r  depos i t ion  is 

ant ic ipa ted .  

curved sur face  f o r  t h e  deposi t ion.  

were observed i n  t h e  i n t e r i o r  of t h e  cathode polepiece during an exami- 
na t ion  following 4000 h r  of t e s t i n g .  

b e t t e r  choice f o r  mesh s ize  would be a 0.018-cm (0.007-in.) spacing 

between 0.009-cm (0.0035-in.) diameter wire. This  wire s ize  and 

spacing were proposed as a replacement f o r  t he  o r i g i n a l  mesh. 

The mesh i n h i b i t s  s p a l l i n g  by providing an i r r e g u l a r  

In  s p i t e  of t h i s ,  large f l a k e s  

Tests a t  LeRC showed t h a t  a 

Gimbal Bracket I n s u l a t o r s  

ltso gimbal pads are used t o  support  t he  th rus t e r .  These pads are 

d iamet r ica l ly  opposi te  on the  o u t e r  c y l i n d e r i c a l  s u r f a c e  of t h e  

t h r u s t e r .  The gimbal pads were supported by ceramic insu la tors .  But 

during a v i b r a t i o n  test  some of  these i n s u l a t o r s  f ractured.  For t h i s  

reason, a modif icat ion was suggested t o  rep lace  them wi th  i . i s u l a t o r s  

made of Vespel. The Vespel i n s u l a t o r  design included threaded s tee l  

i n s e r t s .  

t h e  i n s u l a t o r  temperature i s  n c t  expected to  exwed 2GOOC. 

The temperature 1 i m J . t  qf 300" f o r  Vespel was acceptable  s i n c e  

Lesser modif icat ions proposed and accepted a r e  discussed next. 

Anode - 
S t a i n l e s s - s t e e i  w i r e  mesh w a s  a t tached t o  t h e  inne r  sur face  of 

t he  anode i n  s e v e r a l  placrg; i t s  purpose was to minimize t h e  forma- 

t i o n  of f lakes .  Unfortunately,  t h e  method of attachment permicted 

t h e  mesh t o  l i f t  away from t h e  anode surface.  

t i o n  was t o  use anode material t h a t  had t h e  mesh bonded t o  it. 

The proposed modtficci- 

Baff le  Support and Magnetic Coi l  

The end of t h e  t u b u l a r  b a f f l e  support  has openLngs t h a t  permit 

e l e c t r o n s  t o  pass  from t h e  cathode p a s t  t h e  b a f f l e  i n t o  t h e  discharge 

chamber. 

f o i l .  This f o i l  i n t e r f e r e d  with the magnetic c o i l  when i t  was 

i n s t a l l e l '  on the  support  tube. The proposed design increased the  

magnetic c o i l  diameter and the  diameter of the p a r t  of t h e  b a f f l e  

The m a t e r i a l  next to  these  cpenings is  covered with tantalum 



support used to mount the coil. 

end of the baffle support remained the same. 

The dimensions of the openings in the 

Cathode Inserts 

Tantalum wires were used to attach the porous tungsten inserts to 

-- 

the cathode tube. 

ing assembly. 
the chance of failure. 

These wires frequently became brittle and broke dur- 

Rhenium wire was suggested as a replacement t o  decrease 

Neutralizer Erosion Shields --- 
“amination after the 4000-hr test revealed erosion in the neutral- 

izer assembly. 

gested tc protect this area. 

An extension of the neutralizer erosion shield was sug- 

Wiring Harness 

An increase of the harness wire length (to 3.65 m) was proposed to 

accommodate the interface requirements for thruster testing. A Hughes 

specification for lead wire was also proposed for wire purchases. 

Anode Insulator 

Since Lucalox is no longer available, HRL proposed that the anclde 

support insulator be changed to alumina (AL 300). 

more 

Leta 

dted 

Vaporizer 

Several variations in vaporizer bchavior were observed. To obtain 

uniform vaporizer material, a new specification wzs proposed. 
led fabrication instructioqs were *ilso suggested to be incorpor- 

into the design package. 

Neutralizer Fasteners 

Neutralizer fasteners were lccated in places that were close to 

--- 

insulated wire leads. Using torqueing tools on these fasteners some- 

times caused damage to the insulation. This damage was difficult to 

prevent and detect. The relocation of these fasteners was proposed to 

avoid the prcblem. 

16 



Wire Harness Clamp 

The Mycroy harness  clamp broke several times during assembly. The 

design change proposed t h a t  the  material be changed to  machinable 

ceramic. 

In su la to r  Shield 

Cup s h i e l d s  are used to  p ro tec t  i n s u l a t o r s  from material depos i t s .  

Misalignment of the  s h i e l d s  could easilv occur,  c r ea t ing  a shor t .  

se l f -center ing  design f o r  t he  s h i e l d s  was proposed. 

A 

Gimbal Pad 

Tolerance b iildup could create an extremely small c learance  between 

the  gimbal pad ( a t  spaTecreaf t  p o t e n t i a l )  and the  acce le ra to r  g r i d  

mounting ( a t  sc reen  po ten t i a l ) .  This required a custom f i t  t o  avoid 

arcing.  A change i n  the  pad dimension w a s  suggested t o  eliminate t h i s  

s p e c i a l  handling during assembly. 

- Backplate S t ruc tu ra l  Brace 

The backplate  was f i t t e d  t o  t h e  backplate  s t r u c t u r a l  b race  wi th  

shims. Thfs procedure w a s  t i m e  consuming and inaccurate .  The design 

proposed incarporated spacers  on the  brace, and these  spacers  were cui-  

tom machined f o r  a good f i t .  
# 

. 

Cathode I s o l a t o r  Heater 

I d e n t i c a l  main and cathode i s o l a t o r  heaters were f ab r i ca t ed ,  but  

the heater used on the  cathode i s o l a t o r  had t o  be p a r t i a l l y  uncoiled 

when assembled. This bending of an  a c t i v e  p a r t  of t he  hea te r  w a s  

undesirable.  P request  was made t o  change the  f i n a l  design conf igura t ion  

of the cathode i s o l a t o r  hea te r  cohls.  

-- Grciind Screen 

Once a t h r u s t e r  was nounted by a t t a c h i n g  t o  the  gimbal pads, access  
t o  the wir ing  terminals  o r  i i i jp rc t ion  of some t h r u s t e r  component% -2 
required t h a t  the  t h r u s t e r  be removed ~ L O D  ihe  mount and the  n e u t r a l i z e r  

1 7  



assembly detached from the  ground screen. The proposed design a l t e r e d  

the  ground screen so t h a t  i t  could be reinoved without d i s t u r b i n g  t h e  

neu t r a l i ze r  or the  mount. 

Propel lant  Manifold 

Performance t e s t i n g  r equ i r e s  ind iv idua l  monitoring of mercury flaw 

to  the  th ree  vaporizers.  

had t o  be made wi th in  the  ground screen  and w e r e  subjec ted  to  undesir-  

ab le  flexing. A proposed manifold at the  rear of tne  t h r u s t e r  f o r  

feed l i n e s  t o  the  th ree  vapor izers  could be used f o r  e i t h e r  s i n g l e  

o r  mul t ip le  mercury lines, 

This  mmt tirat  p rope l lan t  l i n e  connectors 

Coaxial Heater Terminal 

Coaxial hea t e r s  are used the vapor izers  and ccthodes, The 

terminals  were complex, f r a g i l e ,  and d i f f i c u l t  t o  f ab r i ca t e .  I t  w a s  

proposed t o  use the  simpler terminal used on the  8-cm th rus t e r .  

This c o q l e t e s  the  d iscuss ion  of t he  modif icat ions accepted by 

the NASA projec t  manager. 

and re jec ted .  

and t h e  i s o l a t o r  heaters .  It  w a s  determined a t  the  design review 

tha t  there  w a s  not  a good j u s t i f i c a t i o n  f o r  theproposedchanges and 

they were dropped. 

Two add i t iona l  modif icat ions w e r e  proposed 

They aealt with the backplate  w i r e  mesh s p e c i f i c a t i o n  

Only 15 of the design modif icat ions l i s t e d  and descr ibed zbove 

were made on t h r u s t e r  SY 901. Those modif icat ions incorporated were 

those a f f e c t i n g  the  following conponents o r  subassemblies: 

(1) Ion o p t i c s  e l ec t rodes  ( acce le ra to r  ape r tu re  diameter) 

(2) Cathode polepiece subassembly (wire mesh coverings) 

( 3 )  Anode (bonded wire mesh) 

(4) Gimbal pad mounting i n s u l a t o r s  (Vespel) 

( 5 )  Porous tungsten cathode inser t s  ( lead  dttachment) 

(6) Neut ra l izer  erosion s h i e l d s  (change i n  a rea )  

(7)  Wiring harness ( w i r e  s i z e  and lengths)  

18 



(8) Anode insulators (alumina) 

( 9 )  Neutralizer housing subassembly (dimensions) 

(10) Wire harness clamp (material) 

(11) Insulator shields (self-centering) 

(12) Ion optics assembly mounting ring (fastener recess) 

(13) Backplate structural brace (custom spacers) 

(14) Outer grolrnd screen (improve fit) 

(15) Propellant line manifold (test interface). 

Most of these modifications were straightforward with the only diffi- 

culties encountered typically from having to disassemble the thruster 

parts to a greater degree than has been common practice (for example, 

to replace insulator shields vhere the fastening hardware was safety 

wired and partially enclosed by welded structures). In keveral such 

cases, special tools and/or procedures had to be devised to perform 

the retrofit. Consequently, the retrofit modifications that had been 
estimated as requiring six weeks to perform eventually required four 
months (paced to some extent by the delivery of materials). 

Although it was relatively straightforward to revise the drawings 

and documents to account for the changes listed above, a careful review 

of tht drawings and inspection and process documents (IPD) revealed 

that considerably more work than had been budgeted was required to make 

the package accurate and self-consistent. Consequently, the document 

package (drawings and IPDs) was only revised to correct major discrepan- 

cies and changes instituted under this program and recommendations were 

made for further corrections and refinements. Subsequent drawing revi- 

sions and design changes were performed under contract NXS 3-21357 that 

further modifled Items 1, 2, 3, 10, 12, and 14 listed above. 
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SECTION 3 

ACCEPTANCE TEST OF THRUSTER SNJl 

Under this program, several key procedural documents (identified 
by the numbers IPD-PR-ij8 through IPD-PR-143) were written related to  

preparing and testing 30-cm thrusters. 

follows : 

These documents are i.s 

0 IPD-PR-138, 30-an Thruster Acceptance Procedure, 
provides detailed instructions for taking and reduc- 
ing data. 

0 IPD-PR-139, Thruster Test Facility, specifies the 
vacuum facility and thruster interface requirements. 

0 1YD-PR-140, Power Processor, specifies the power supply 
requirements and characteristics needed for thruster 
testing. 

0 IPD-PR-141, Instrumentation and Calibration, describes 
the test equipment and methods used for calibration. 

0 IPD-PR-142, Preliminary Thruster Preparation, describes 
the measurements and procedures required in installing 
a thruster in a test facility. 

0 IPD-PR-143, Data Formats for Thruster Testing, contains 
the data formats for recording the data in acceptance 
and performance evaluation tests. 

The documents above (in their first version) were used for the 
testing of thruster SN J1. 
however, the first acceptance test of J1 contained the rollowing major 
elements : 

Some of the documents have been revised; 

0 Initial cathode conditioning 

0 Thruster start-up by a prescribed algorithm 

0 Determination of the minimum baffle current for stable 
operat ion 

0 Measurement of neutralizer-keeper-voltage vaporizer- 
temperature characteristics 
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0 Determination of the minimum emission current for 
selected operating points 

0 Measurement of thruster efficiencies for 10 operating 
points 

0 Documentation of oscillation thruster parameter 

0 Documentation of thruster high voltage overload 
recycle characteristics 

0 Docuuentation of the ion optics system for selected 
operating points. 

These test elements were initially described by NASA and furnished 

to the Hughes program manager. They were then written in the format 

of Hughes IPDs in the form reproduced in Appendix A of this report. One 

goal in formulating a standardized acceptance test under this program 

was to define test procedures that could be performed at any facility 

where ion thrusters can be tested, and by personnel having only limited 

ion propulsion background. Consequently, the form of the IPD included 

in Appendix A is more tutorial than could be accommDdated while attempt- 
ing to carry ?ut the steps of the test sequence. Several revisions 

have resulted as a consequence, and the test is now relatively straight- 

forward to perform, but does require an automated power processor and 

an experienced operator of ion thrusters. 

Adhering to these initial procedures during the initial startup 
of thruster SN J1 led to several difficulties. The first four attempts 

were unsuccessful in establishing a beam as a result of: 

error, ( 2 )  insufficient cathode vaporizer power, or ( 3 )  recycle logic. 
After these problems were eliminated, an unstable beam was obtained 

with much arcing. Eventually, the recycle logic problem recurred and 
the test was terminated. The sixth start was unsuccessful: the arcing 

diminished and the testing be7ain. All the major elements of the 
acceptance test were completed for thruster J1 and the test results 
submitted in the Acceptance Test Document. 

(1) wiring 
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The opera t ing  and performance d a t a  f o r  t h e  acceptance test are 

sunnnarized i n  Table 1. 
Appendix A, pages 11 through 14 of IPD-PR-138.) 

t h e  p r i n c i p a l  t h r o t t l i n g  p o i n t s  (1, 4, 6, 7, and 9) of Table 1 is 
p l o t t e d  versus  e f f i c i e n c y  i n  Figure 2 f o r  comparison wi th  d a t a  for t h e  

900-series EMT. The e f f i c i e n c y  of t h e  r e t r o f i t  t h r u s t e r  as measured 

under t h i s  program is s l i g h t l y  b e t t e r  than f o r  a t y p i c a l  900-series 

t h r u s t e r  operated a t  36-V discharge voltage.  Hence, t h e  combined modi- 

f i c a t i o n s  t o  t h r u s t e r  design and t h r u s t e r  opera t ion  (1.e.. t h e  small h o l e  

a c c e l e r a t o r  g r i d  and a lower (32 V) discharge vol tage)  should increase  

t h e  t h r u s t e r  wearout l i f e t i m e  wi th  equal  or b e t t e r  e f f i c i e n c y  than t h e  

900-series t h r u s t e r  (which w i l l  be v e r i f i e d  by endurance t e s t i n g  under 

o t h e r  programs). Table 2 lists t h e  t y p i c a l  opera t ing  parameters f o r  

t h r u s t e r  SN J1 f o r  t h e  p r i n c i p a l  t h r o t t l i n g  points .  

(The symbols are defined and explained i n  
The t o t a l  power f o r  

8 0 -  

60. 

40' 

2 0 '  

(0181-2 
100 1 t 

- 

- 

OF THE ENGINEERING MODEL 30 om DIAMETER THRUSTER." 

KEY BISCAYNE. FLA (36 V DISCHARGE VOLTAGE) 
R T BECHTEL AND v K RAWLIN, AIM PAPER NO. 761033, - 

0 I I 
0 1 2 

POWER INPUT, P, , kW 

Figure 2.  Comparison of performance d a t a  f o r  t h e  r e t r o f i t  t h r u s t e r ,  
SNJ1, a n d a  t y p i c a l  900-series EMT. 
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Table 1. Acceptance Test Summary for Thruster SNJl 
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1264 
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1.9563 
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Table 2.  Typical Operating Prirameters for the Principal 
Throttling Points Plotted in Figure 2 

V 

A 

10181-3 

4.5 5.0 5.4 5.9 8.9 

1 .o 1 .o 1 .o 1.0 . 1 .o 

TEST POINT 

1 4 6 7 9 

I 

THRUSTER PROPERTY UNIT 

BEAM VOLTAGE (V,) V 1100 @40 820 100 Qoo 

BEAM CURRENT (J,) A 2.0 1.6 1.3 1.0 0.75 

- ~ -  -~ -~ - -~ 

MAG BAFFLE VOLTAGE (VMB) V 

MAG BAFFLE CURRENT (JMB) A 

DISCHARGE VOLTAGE (VD) 

EMISSION CURRENT (JE)  

7 -  
~ - 

0.5 Ob 0.5 OS OS 

2.2 2.2 2.5 2 6  2.7 

I I 

V 300 300 300 300 300 

mA 4.1 3.0 2.4 2.0 1.4 

v 9 32 32 32 32 

A 12 10 8.5 7.0 5.75 

NEUT COUPLING VOLTAGE (V,) 

NEUT COUPLING CURRENT (Jg) 

CATH KEEPER VOLTAGE (VCK) 

CATH KEEPER CURRENT (JCK) 

V 10.7 10.7 10.7 i 10.4 10.6 

A 0 0 0 0 0 

OC 

OC 

337 329 319 308 292 

352 352 353 349 364 

MAIN VAPORIZER VOLTAGE (vMV) 
MAIN VAPORIZER CURRENT (JMv) 

CATH VAPORIZER VCLTAGE (Vc”) - .  

CATH VAPORIZER CURRENT (Jcv) 

NEUT VAPORIZER VOLTAGE (VNv) 

NEUT VAPORIZER CURRENT (JNvt 

NEUT KEEPER VOLTAGE (VNK) 

MAIN VAPORIZER TEMP (TMVj 

CATH VAPORIZER TEMP (Tcv] 

NEUT VAPORIZER TEMP lTNv) I OC 1 303 309 31 1 306 31 t 
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We found t h a t  some of the  d e t a i l s  of the  acceptance test procedure 

were not  adequate t o  ensure t h a t  t he  tests could be performed without 

d i f f i c u l t y .  

na ture  and are l i s t e d  below: 

The major d i f f i c u l t i e s  experienced were procedural  i n  

0 The value of magnetic b a f f l e  cu r ren t  t o  provide s t a b l e  
opera t ion  a t  the  i n i t i a l  high vol tage  app l i ca t ion  is 
2.7 A; t he  valua of 1.5 A t h a t  was s p e c i f i e d  o r i g i n a l l y  
was observed t o  be  very unstable.  

0 Spec i f i ca t ions  f o r  n e u t r a l i z e r  keeper vol tage  and cur- 
r e n t  were not  adequate t o  prevent  the  n e u t r a l i z e r  keeper 
discharge from being ext inguished under recycle condi- 
t i o n s  or o t h e r  marginal ly  s t a b l e  t h r u s t e r  opera t ing  
conditions.  

I t  was a l s o  bel ieved t h a t  the  t i m e  (8 min) between discharge i g n i t i o n  

and app l i ca t ion  of the  beam vol tage  f o r  opera t ion  i n  the  Hughes 

chamber was too s h o r t ;  however, subsequent tests have not  shown t h i s  

t o  be the  case. 

A t  che conclusion of the  tes t ,  the  Hughes and NASA pro jec t  managers 

agreed t o  delay the cha rac t e r i za t ion  tests un t i l  one o r  two of the  

J-series r e t r o f i t  t h r u s t e r s  had been tested. 



SECTION 4 

EVOLUTION OF THE J-SERIES THRUSTER DESIGN 

After the anomalies observed in testing thruster SN J1, and similar 
difficultes observed in the performance evaluation of several more of 
the retrofit ion optics assemblies prepared wider coctract NAS 3-21357 
for the remaining s i x  thrusters, an intensive investigation of the ion 

optics mounting structure was undertaker.. 

among two NASA contracts and internal studies at NASA LeRC. 
contract NAS 3-21040, a three-dimensional finite element analysis was 

performed to model the ion optics mount and electrode deformation under 

thermally induced stress. These computation3 supported those performed 
at LeRC (two-dimensional) and showed that the stiff grid mount caused 
distortion of the scceen grid electrode that could either increase or 
decrease the interelectrode spacing, depending on the point of buckling 

and the temperature distribution. Temperature measurements were per- 
formed under contract NAS 3-21357 to provide input data for the analytic 

models, and a revised grid mounting structure was designed and verified 
analytically. The revised mounting, shown in Figure 3, relies on 
stiffening rings made of molybdenum to support the molybdenum grids 
without inducing stresses that arise from differential expansiort. The 
titanium mounting is still a very "stiff" member with respect to axial 
displacement or torsion but is relatively "soft" (flexible) with 

respect to radial forces. Consequently, the spacing between the grid- 
stiffening rings can be maintained without introducing bending moments 
or radial stresses from the mount. The success of this assembly 
enabled retrofit and testing to proceed; however, only limited success 

was achieved in reworking the grid sets distorted from operation with 
the mountings of the previous design. *3n some assemblies, several 

iterations of stress relieving fixtures and procedures had to be made 
to achieve the desired results. 

This work bas divided 

Under 
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The replacement of isolator-vaporizer ( 1 4 )  assemblies was not 

considered an item for retrofit under this program. However, testing 

of the existilig T-V assemblies under contract NAS 3-21357 disclosed 

marginal performance of several assemblies. Consequently, a complete 
redesign of all I-V assemblies and revision of fabrication procedures 

was undertaken-under NAS 3-21357. 

Several cathode heaters failed during cathode conditioning; these 

failures were traced to the use of poor-quality tantalum by the heater 

vendor. Heater specifications were revised and made more restrictive, 
with the result that the vendor was unable to fabricate satisfactory 

heaters for a period of more than a year (severely delaying the retro- 

fit program). 
Having overcome these obstacles, retrofit modification of several 

thrusters was completed; acceptance tests were performed on these 
thrusters. 

sidered to be stabilized, and thruster SN 33 was transferred to this pro- 

gram as a "representative" thruster fsr- "ci1aracterization" testing over 
an extended range of operating parameters. Although this thruster 

should be representative of performance capabilities, the I-V assemblies 
are not of the J-series design (as described in the final aocumenta- 

tion package). The test results for this thruster are described in 
Section 5 .  

By April 1980, the design and test specifications were con- 
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SECTION 5 

CIlARACTERIZATION TESTING OF THRUSTER SNJ3 

After acceptance testing of thruster SNJ3 under contract 

NAS 3-21357, the thruster was transferred to chis program for testing 
over an extended range of operating parameters. 
the acceptance test provides data foL defining some of the thruster 
control settings as functions of beam current. Consequently, the 

acceptance test results will be discussed here briefly before present- 

ing the characterization test data. 

As discussed abuve, 

The performance data for the acceptance test of thruster SNJ3 

are summarized in Table 3. The format of this table is different from 

that of Table 1, which summarizes the acceptance test data for thruster 
SNJ1. 

ance testing and reporting procedures that have evolved since the pro- 

cedures listed in Appendix A were formulated. Two of the test procedures 
that are required for defining the control set-points for operating the 

thruster over its range of capability are the measurement of the magnetic- 
baffle-currentjcathode-keeper-voltage characteristic and the neutralizer- 
keeper-voltage/neutralizer-vaporizer-temperature characteristic (as 

€unctions of ion beam current). From these characteristics, the so- 

called "standard" rzference values for the magnetic baffle current 

and the neutralizer keeper voltage were defined; these are plotted as 

functions of ion beam current in Figures 4 and 5.  

This difference is a consequence of the changes to the accept- 

To measure propellant flow requires a relatively long period; 
the acceptance test data were used to define a "calibration" of propel- 

lant flow rate as a function of vaporizer temperature. The relation- 

ships shown in Figures 6 through 8 were used to determine the propel- 

lant flows for the characterization test. This permitted collecting 

a relatively large number of data without logging an excessive amount 

of time on the thruster (which results in the deposition of beck- 

sputtered collector material on the thruster). 
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Table 3. Acceptance Test Data/Performance Summary for Thruster SNJ3 

1.81 I I t >  I I I 

pv W 8.36 11.42 8.41 9.70 11.3 10.9 12.0 135 132 164 - 1  
W 2661 2848 2838 1887 1763 1394 880 loBe 691 687 

9 ,  X 83.1 83.2 83.5 79.7 81.1 76.0 71.0 772 64.8 66.1 
2 

0 0.m6710.ani o.me 09747 o m 6  0 . ~ 7 ~  o m  09g09 o s s a  0 . ~ ~ 3  I 
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Figure 4 .  Magnetic bafflt current selection for thruster SNJ?. 
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Figure 5. Neutralizer keeper reference voltages selected for thruster 
SNJ3. 
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The c h a r a c t e r i z a t i o n  tests consis ted of opera t ing  the  t h r u s t e r  over 

the range from 0.75 A to 2.0 A a t  control se t -poin ts  o t h e r  than t h e  13 

p o i n t s  of t h e  opera t ing  envelope def ined i n  t h e  acceptance test. 

Table 4 shows the  47 tests t h a t  were performed (and a l s o  inc ludes  t h e  

set-point  values  f o r  t he  s tandard acceptance test set-points ,  which 

are designated by TP). 

Data f o r  f i v e  beam c u r r e n t  levels (J = 2.0, 1.6, 1.3, 1.0, and b 
0.75 A) are shown i n  Table 5.  

t h e  t h r u s t e r .  

c u r r e n t  v a r i a t i o n s  were i n v e s t i g a t e d  f o r  J 

S l i g h t  v a r i a t i o n s  i n  V 

A l l  are s tandard t h r o t t l i n g  p o i n t s  f o r  

Discharge chamber vol tage and cur ren t  p l u s  magnetic b a f f l e  

= 2.0, 1.3, and 0.75 A. b 
were made f o r  a l l  beam levels. b and "accel 

Correction f a c t o r s  f o r  doubly charged ions  and beam divergence were 

measured f o r  each tes t  number. Vaporizer temperatures were recorded, 

but flow rates were not  measured. An approximate flow value w a s  obtained 

by using temperatures t h a t  corresponded t o  flow values  generated from 

t h e  acceptance test. The r e l a t i o n s h i p s  between vaporizer  temperature 

and flow value (from the  acceptance test) a r e  shown i n  Figures  6, 7 ,  

and 8. A t  the t i m e  t h e  d a t a  i n  Table 5 were being co l lec ted ,  t h e  t i m e  

required f o r  achieving thermal equi l ibr ium w a s  thought t o  be less than 

1 hr. But now w e  know t h a t  equi l ibr ium temperatures and propel lan t  flow 

condi t ions are n3 t  reached u n t i l  about 3 h r  a f t e r  changing opera t ing  

p o i n t s  ( r e s u l t i n g  i n  a change i n  beam curren t  o r  discnarge power). 

sequent ly ,  t he  d a t a  i n  Table 5 represent  some opera t ing  p o i n t s  t h a t  

were not ye t  a t  thermal equi l ibr ium and, therefore ,  any u s e  of t h i s  

d a t a  t o  cross-plot and examine s p e c i f i c  behavioral  p a t t e r n s  should be 

approached w i t h  the precaution t h a t  apparent t r ends  may be incor rec t  

o r  contradictory.  A f t e r  explor ing several p o s s i b i l i t i e s  f o r  i n t e r p r e t -  

ir.g and drawing conclusjons from these  data ,  i t  was determined t h a t  the 

most s i g n i f i c d n t  r e s u l t s  can he obtained from analyzing the t h r u s t  cor- 

r e c t i o n  f a c t o r s  fo r  beam divergence and doubly charged ions i n  t h e  

e x t r a c t i o n  ion beam. 

Con- 
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Table 4. Thruster Operating Parameters for Characterization Test Points 

10481-10 

ACCEL, TEST 
JPA JMB,A POINT -V NUMBER vb'v vg'v 

1 100 32 1 12.0 m 2 . 1  300 TP1@ 
900 32 12.0 300 1 

1100 32 12.0 2.0 300 2 
2.3 3 
2.4 4 

v 9 t 2.6 * 5 
1100 31 V 2 12.0 sTD2.1 300 
11oov 34 12.0 300 0 

7 l a a  8 
1100v 36 12.0 
1 100 32 12.0 STD2.1 500 

1 100 32 11.75 STD2.1 300 10 

11 
12 1100 32 10.0 STD25 300 

940 32 4 10.0 
MlN 32 10.0 1 3 0 0  13 
1100 32 5 8 5  STD2.7 300 TP5@ 

14 1 =  15 
MlN 32 8.5 
820 32 85  STD 2.7 500 

+ 4 + .c 400 9 

300 Tw@ 

820 32 6 8.5 300 TP6@ 

1 3 115 
11.25 

+ 4 400 16 

4 + 4 400 18 

820 36 - - 8.5 + 300 20 

1100 32 8 5  STD 2.7 500 17 

820 34 8.5 STD 2.7 300 19 

820 32 8 5  2.2 300 21 
?? 

4 

m- 

v * I 31 I 2 4 ,  

STANDARD THRUSTER ACCEPTANCE TEST POINT @ 
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Table 4. Continued 
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VACCEL, TEST I I -V [NUMBER 
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Table 5 .  Characterization Test Data/Performance Summary for Thruster SNJ3 

lOQl-11~ 

7EST NUMBERS 

1 2 3 4 5 8 7 8 9 10 11 

1100 I llao I (lop Illas I 1101 f llop I 1100 f 1100 

2 m  11.006 I 2Mw l 2 m  12- I lam l 2 m  I 2 . m  I p 
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4 3 7  
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7 

- 
- 
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341 
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Soa1308 3w 303 Xn 
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Table 5 .  Continued 

*-*-I IC  
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OS87 0.762 0.752 0.762 

3 1 1 3 2 3 2 3 2  

8.0 6.6 6.6 6.6 

A f 32 I 3.4 1- 2.7 

=-Pt=t= 0.838 OS38 0.837 0937 -=P 0.837 0937 

V 5.41 5.54 6.06 

A 0.938 0.939 0.938 

v -302-302-302 

om 0337 

383 -29e 1-303 -302 -302 a 6  -303 

2.32 12.09 I 1.51 I 1.66 1.13 1.07 

15.70 15.70 

2.1 2.1 

I 0 8 3  10.81 

274 274 

367 357 

314 314 

0.710 0.710 

0.137 0.137 

0.037 FOB37 

- 
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- 
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These f a c t o r s  have a l ready  been analyzed in d e t a i l  f o r  t hese  d a t a  

by k.T. Bechtel of LeRC; h i s  ana lys i s  is included as Appendix B. 
This ana lys i s  shows t h a t  t he  t h r u s t  co r rec t ion  f a c t o r  f o r  beam diver-  

gence, F , dcpends pr imari ly  on a c c e l e r a t o r  vo l tage  V T accel 
be expected) and is r e l a t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  i n  o the r  

operat ing parameters. The t h r u s t  cor rec t ion  f o r  doubly charged ions,  

a, depends p r i m a r i l y  on discharge vol tage  VD and t o  a lesser degree on 

discharge cu r ren t  J E 
decreases  with increas ing  beam current .  

an t i c ipa t ed  and i n  agreement with t h e o r e t i c a l  analyses  of doubly charged 

ion production. One s i g n i f i c a n t  observat ion is t h a t ,  s i n c e  a is 
r e l a t i v e l y  independent of beam vol tage  Vb ( a t  any given beam c u r r e n t ) ,  

changing the s p e c i f i c  impulse I would not  be  expected t o  a f f e c t  
SP 

t h r u s t e r  l i f e t i m e  (as  determined by screen g r i d  wear). 

t i o n  is t h a t ,  s i n c e  the value of cr is a l s o  r e l a t i v e l y  independent of the  

magnetic b a f f l e  e x c i t a t i o n  J 

t o  a f f e c t  t h r u s t e r  l i f e t i m e  (as determined by screen g r i d  wear). 

Because of t h e  r e l a t i v e l y  small d i spcrs jon  i n  the  measured values  of 

these co r rec t ion  f a c t o r s  JS a funct ion of v a r i a t i o n s  i n  opera t ing  param- 

e t e r s ,  i t  is reasonable t o  conclude t h a t  t h e  cor rec t ion  f a c t o r s  w i l l  not 

be the  dominant source of e r r o r  i n  determining t h r u s t  o r  t h r u s t e r  e f f i -  

ciency (unless  there  i s  a systematic  e r r o r  i n  the  measurement technique).  

(as  would 

( fo r  any given beam cur ren t ) .  The value of ci a l s o  

These v a r i a t i o n s  a r e  a l s o  

A second observa- 

assignment of J would not  be expected 
MB' MB 

The cha rac t e r i za t ion  test demonstrated t h a t  i t  i s  poss ib l e  t o  

operate  a J - se r i e s  t h r u s t e r  over a wide range of opera t ing  parameters 

tha t  produce t h r u s t  ranging from 4 5  t o  129 mN at  s p e c i f i c  imnulse rang- 

ing  from 1927 sec  t o  3303 sec.  No ope ra t iona l  i n s t a b i l i t i e s  were noted 

over the range of values  i n  the test. 

46 



SECTION 6 

CONCLUSIONS 

The work performed under t h i s  program comprised the  f i r s t  s t e p  i n  

upgrading the  900-series 30-cm mercury im t h r u s t e r  t o  the  J series. 

The block of design changes t h a t  was formulated for co r rec t ing  known 

and p o t e n t i a l  design d e f i c i e n c i e s  w a s  successfu l ly  implemented i n  a 

t h r u s t e r  and ve r i f i ed .  Only one design change ( ion o p t i c s  assembly) 

required i t e r a t i o n  (under another  c o n t r a c t ) ,  and t h r u s t e r  performance 

c a p a b i l i t i e s  are now considered t o  s a t i s f y  the design goals.  

design veu i f i ca t ion  t e s t i n g  performed under t h i s  program should not  

be considered a l l  i nc lus ive  i n  t h a t  t hc  scope of t h i s  program was 

intended t o  show f e a s i b i l i t y  f o r  o?era t ing  the  t h r u c t e r  over the 

intended envelope of power l e v e l s  and s p e c i f i c  impulse values.  

performance c h a r a c t e r i s t i c s  (wearout rates, d ispers ion  between t h r u s t e r s ,  

e t c . )  remain to  be documented; however, the  r e s u l t s  obtained under 

t h i s  program, and under the  subsequent cont rac t  (NAS 3-21357), i nd ica t e  

tha t  the  J-series t h r u s t e r  should be :apable of meeting a l l  o f  the  

design goals.  It is an t i c ipa t ed  tha': t h i s  conclusion w i l l  be supported 

by the r e s u l t s  from extens ive  t e s t i n g  and t h r u s t e r  q u a l i f i c a t i o n  work 

being done under o the r  programs. 

The 

Many 
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APPENDIX A 

ACCEPTANCE TEST PROCEOUMS 

(Original Form) 

The fnspection and process documents (IPDs) for the 30-an thruster 

acceptance tes t  are reproduced here i n  the form i n  which they were 

o r i g i n a l l y  wr i t ten and used for test ing o f  thruster SCQ J1. In 

preparing these procedures, the goal was t o  prepare a descript ion o f  the 

tests that  could be used by personnel who have only l im i ted  experience 

with the characterist ics of ion thrusters. Because o f  the d i f f i c u l t i e s  

encountered i n  the i n i t i a l  test ing of thruster SN 31, these procedures 

were inadequate, and they were subsequently revised. For the record, - 
IPD 138 through IPD 143 are included. 
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1.0 SCOPE 

This speci f icat ion establ ishes the procedures f o r  performing acceptance tes ts  
on 30 cm thrusters. The purpose o f  the thruster  acceptance tes t  i s  t o  v e r i f y  
the character ist ics,  capabi l i t ies ,  and performance o f  the thruster.  Towards . 
t h i s  end, t h i s  acceptance tes t  w i l l  provide data and information to: 

. a) 

b) 

v e r i f y  tha t  a completed thruster operates and performs i n  the 
intended designed manner; s 

provide t e s t  da ta  t o  allow f o r  performance and physical comparison 
o f  d i f f e r e n t  tnrusters; 

c )  form a data base f o r  each thruster t o  al low f o r  thruster  performance 
and physical comparisons a t  various stages during a thruster 's  useful 
l i f e  w i th  the beginning o f  l i f e  conditions. 

2.0 

3.0 

APPL ! CABLE DOCUMENTS 

2.1 Far: i 1 i t y  Speci f icat ions 

2.1.1 IPD-PR- 139 Thrui ter  Test Faci'l i t y  

?.I .2 IPD-pit- 140 Power Processor 

. 

2.1.3 IPD-PR- 141 instrumentation and Cal ibrat ion 

2.2 Engineering Specif icat ions 

2.2 .1  

2.2.2 

IPD-PR- 14* Preliminary Thruster Preparation 

IPD-PR- 143 Data Fonnats f o r  Thruster Testing 

REQU I REIlENTS 

3.  
c 

Equ i p e n t  

3.1.1 30 cm thruster 

3.1.2 F a c i l i t i e s  per paragraph 2.1 

3.1.3 Data  sheets per paragraph 2.2.2 
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+ 
4.0 PROCEDURE 

4.1 Thruster Preparation 

4.1.1 Perform p re l  iminary th rus ter  measurements and i n s t a l  1 thruster  
i n  t e s t  f a c i l i t y  per IPD-PR- 142 

- TECH : 

DATE : L 

4.2 F a c i l i t y  Puny, D0.m 

4.2.1 Allow f a c i l i t y  t o  pump u n t i l  base pressure i s  5 x 
o r  less. 

t o r r  

1 
TECH: 

DATE : 

4.3 I n i t i a l  Cathode Conditioning 

4.3.1 Connect power processor as speci f ied i n  IPD-PR-140 and ins t ru -  
mentation as speci f ied i n  IPD-PR-141. The c i r c u i t  diagram i s  
shown f o r  reference as Fig. 4.1. 

* 
h TECH:-, 

DATE : 

4.3.2 Record the se r ia l  number and other per t inent  information as 
required on the i n i t i a l  s tar t -up data form (speci f ied i n  
IPD-PR-143 as form . 

TECH: 

DATE : 

4.3.3 Condition th rcs te r  and neutralizer. cathodes. 

4.3.3.1 F a c i l i t y  pressure must be less than 5 x 10’’ t o r r .  

4.3.3.2 Supply 2.5A current t o  both thru5ter  cathode and 
neut ra l i zer  cathode heaters ( I3  and 15). Haintain 
heater current f o r  3 hours. Record time and data 
on data sheet. 

4.3.3.3 Turn o f f  heaters and al low t o  cool f o r  a minimum o f  
one-half hour. 
data sheet. 

Record t i m e  and per t inent  data on 
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4.3.3.4 Sup ly 4.2A current  t o  the thruster  cathode heater 
(I3p and 4.OA t o  tho neut ra l i zer  cathode heater (12. 
Maintain heater current  f o r  1 hour. Record the 
time and per t inent  data on the data sheet. 

4.3.3.5 Turn o f f  heaters and a l low t o  cool for a minimm o f  
one hour. Record the time and other per t inent  data 
on the data sheet. Proceed !* i th normal thruster  
start-up . 

TECH: 

DATE : 

4.4 Thruster Start-up 

4.4.1 F a c i l i t y  pressure must be less than 8 x t o r r .  

4.4.2 Ensure t h a t t h e  th rus ter  has not  been exposed t o  a i r  since 
previous cathode condi t ioning or see paragraph 4.3. 

- TECH : 

DATE : 

4.4.3 Before proceeding w i th  the s tar t -up procedure, set  the power 
processor contro l  references t o  produce the conditions prescribed 
below. 
o f  the monitor ing points and symbols. 
previously determined ca l ib ra t ions  (see IPD-PR-140) o r  ca l i b ra te  
the power processor on load res is to rs  to  obtain the contro l  
references. 

Refer t o  the L i r c u i t  diagram o f  Fig. 4.1 f o r  d e f i n i t i o n  
References may be set using 

4.4.3.1 Current references for the discharge, cathode-keeper, 
and neutralizer-keeper power supplies are set t o  the 
fo l lowing values f o r  s tar t -up 

J, = 6.0 A 

JCK= 1.0 A 
JNK= 2.1 A 

4.4.3.2 Voltage controls f o r  the screen and accel power supplies 
should be set such tha t  

V,l= 600 V 
Vl0= 300 V 

4.4.3.3 Control references f o r  the proport ional  control  (closed 
loop) o f  the vaporizer supplies should be adjusted such 
that :  

Cathode vaporizer supply, 
Neutral i ze r  vaporizer supply, VNK = is. s V 

Main Vaporizer supply, J b  = 0.75 A 

VD = 36 V 
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4.4.3.4 The neut ra l i zer  and cathode heater power supplies 
should be inter locked such tha t  these power supplies 
cannot supply heater current i f  

J7 0.7 A 

respect ively.  
equipped, the thruster  operator must monitor these 
heater power supplies t o  ensure tha t  t h i s  condi t ion 
i s  sa t is f ied  i n  order t o  prevent damage t o  the 
cathode and neutra l izer  heater elements. 

4.4.4 The f i rs t  phase o f  the s tar t -up procedure i s  a cathode and 
th rus ter  pre-heat period. The pre-heat period i s  timed and 
requires 35 minutes. Do not begin the prehgat phase unless 
the vaporizer temperatures are less than 70 C. Record the i n i t i a l  
temperatures on the s tar t -up data sheet. All power supplies 
should be o f f  a t  the beginning o f  the pre-heat phase. 

If the power processor i s  not so 

e 

4.4.4.1 T h  on the cathode heater, neutra l izer  heater and 
i s o l a t o r  heater power supplies. 
as fol lows: 

Set the heater current 

.aCH= J3  = 
= 4.0 A 

'NH' J5 

4.2 A 

3 = J  = 7.0A 
Recorgvhe t ime tha t  preheat began on the data sheet. 
Note that  J4 supplies pa ra l l e l  combination o f  the main 
and cathode iso la to r  heaters. 

4.4.4.2 Five minutes a f t e r  beginning pre-heat, check each o f  
the fo l lowing heater voltages t o  ensure tha t  

VCH= v3 > - 1 o v  

I f  any o f  these voltages are less than indicated above, 
stop the preheatalid determine whether a heater f a i l u re  
has occurred. Make appropriate ent r ies on data sheet. 

4.4.4.3 Af te r  18 minutes has elapsed, reduce the i so la to r  heater 
current, J , t o  5.0 A and continue pre-heat f o r  the 
remaining 4 ~ 7  minutes. 

4.4.5 Af te r  35 minutes o f  pre-heat has elapsed, the heat phase o f  the 
s tar t -up procedure begins. 
fol 1 owi ng . Record the time and perform the 

4.4.5.1 Turn o f f  the i so la to r  heater power supply (34 = 0). 
Record the vaporizer temperatures on the data sheet. 

4.4.5.2 Turn on the cathode vaporizer and neutra l izer  vapor izer  
power supplies ( 2  8 6 ) .  and the cathode and neutra l izer  
keeper supplies (7 & 8), and the discharge supply (9 ) .  



... - 

4.4.5.3 Cathode and neutra l izer  vaporizer power supplies 
should be operating i n  proport ional control .  

4.4.5.4 Monitor the neutra l izer  and cathode keeper voltagevrnd 
current t o  determine when the keeper discharges ign i te .  
Record the time o f  i n i t i o n  f o r  each keeper and f o r  the 
main discharge a lso 9 J ). When J7 > 0.7A and J > 4A, 
check t o  make ce r ta in  ?hat I 3  and I5 have been Qhut off. 

4.4.5.5 If aE= itg ,4A, set Jm = J12 = 2 A and set the 
reference for control of V 
thruster digcharge for 8 mfn. and then proceed as 
indicated in para. 4.4.5.6. 
If JE= J <4A,  and this is the first attempt 
t o  complete the heat’period proceed as indicated below. 
I f  t h i s  i s  not the f i r s t  attempt t o  complete the heat 
phase, shut o f f  power and n o t i f y  the pro ject  manager. 
Describe any anomalous observances on the data sheet, 
including any procedures d ic ta ted by the pro ject  manager. 

4J.5.5.1 Adjust the power processor for  

to 32V. Operate the 

9 

. 
J3 = 4.2 A 
J4 = 5.0 A 

= 4.0 A J5 
A l l  other power supplies o f f ,  and proceed as 
d i rected s t a r t i n g  i n  para. 4.4.4.3. 

4.4.5.6 Check tbe value o f  3 , i f  J > 0.7 A, continue a t  
para. 4.4.6. 
t o  complete the h e h  phase, terminate start-up and n o t i f y  
pro ject  manager. 
follows. 

4.4.5.6.1 

I f  J * 0.7 azd t h i s  i s  the second attempt 

I f  t h i s  i s  the f i r s t  attempt, proceed as 

Turn on main vaporizer power supply and control  
a t  J1 = 1.0 A (not proport ional cont ro l ) .  

4.4.5.6.2 Check t o  make ce r ta in  tha t  
J6 2.0 A 

J5 = 4.3 A 

rema% less than 0.7 A for more than 5 minuk$s, 
terminate start-up and n o t i f y  the pro ject  manager. 

4.4.6 This phase i s  the f i n a l  period o f  start-up and provides f o r  the 
establishment o f  the ion beam i n  closed loop, proport ional control .  
This has been termed the run phase and i s  i n i t i a t e d  as  follows. 

4.4.6.1 

4.4.5.6.3 I f  J > 0.7 A proceed t o  para. 4.4.6. I f  J 

Check the fol lowing parameters values 
J2 2A i n  proport ional control  

J3 = 0 
Jq = 0 
J5 = 0 

5b 

J6 2A i n  proport ional control  
.,r 
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.. -. 

I 
f 

4.4.6.2 Ensure t $ a t  the vacuum f a c i l i t y  pressure i s  less ,, 
than 10- Torr. 

4.4.6.3 Appl icat ion of the ext ract ion voltages i s  the next step; 
ad just  the controls i n  the order indicated t o  establ ish 
the "beam on" condi t ion 

VNK = 15.2 (control  reference + 41 0 

JNK e 48 = 1.8 A (J#d -+ 51 0 

J12 = 2.7 A (JMB) 
J1 -* Proportional control ,  1.5 A max 

= 600 
simultaneously 1 

Vl0 *=  -300 

fi excessive arcing (overcurrent) occurs (more than 10 i n  
30 sec), t u rn  o f f  the screen (11) and accel (10) voltages. 
Place the main vaporizer control  (J1) i n  manual cont ro l led 
t o  1A. 

4.4.6.4 If para. 4.4.6.3 has been completed successful ly (beam on 
and vaporizer i n  proport ional control  ) proceed the 4.4.6.5 
I f  excessive arcing resul ted while attempting t o  perform 
4.4.6.3 and the high voltage power supplies were turned o f f ,  
repeat.steps 4.4.6.3, I f  step 4.4.6.3 has been repeated 
more than 5 times, terminate t e s t  and consult pro ject  manager. 

4*?*6.5 The thruster  i s  now operating i n  closed-loop proport ional 
control  a t  0.75 A beam current. 
current w i l l  be increased t o  2A according t o  the control  
parameters given i n  Table 4.1. 
accelerator current, JA. I f  JA > 5 mA, turn o f f  the main 
vaporizer power supply u n t i l  ,IA < 2 mA, then turn on the 
main vaporizer power supply again and proceed as fol lows. 
Adjust the parameters i n  the tab le  i n  the fol lowing order 

I n  t h i s  step the beam 

Before proceeding, check the 

e Emission Current 
8 Beam Voltage 
e Beam Current 
e Neutral izer Keeper Voltage 

Operate a t  each new value of beam current f o r  a t  l eas t  one 
minute t o  ensure tha t  control  has s tab i l ized.  Watch f o r  the 
so-cal led " low mode" condi t ion tha t  i s  i d e n t i f i e d  by 
J > 5 mA and J less than set-point. I f  d i f f i c u l t i e s  a r e  
eacountered, s t k b i l i z e  thruster  operation a t  l a s t  stable 
set-point and contact the pro ject  manager. 

55  
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Table 4.1 

Set Point 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 

Thruster Thro t t l ing  Set-Point 

Emis ion current 
dE 

5.75 
6.0 
6.3 
6.5 
7.0 . 
8.0 
8.5 
9.0 
9.5 

10.0 
10.5 

7 *3 

11.0 ?i 
11.5 
12 

Beam Voltage 

"b 

600 
620 
640 
660 
700 
740 
750 
820 
860 
900 
940 
980 

1020 - *  

1060 
1100 

Beam Current 

Jb * 

0.75 
0.8 
0.85 
0.9 
1 .o 
1.1 
1.2 
1.3 
1.4 
1.5 
1.6 
1.7 
1.8 
1.9 
2.0 

Neutral izer Keeper 
Voltage 

16.5 
16.5 
16.5 
16.5 
16.5 
16.5 
16.5 
15.5 
15.5 
15.5 
15.5 
15.5 
15.5 
15.5 
15.5 

"NK 

4.4.7 When point  15 o f  Table 4.1 has been stab i l ized,  thruster start-up 
i s  complete and the run phase has been established. 
and a complete set o f  parameters. 

Record the t i m e  

%v ' "HV 
%V' vcv 
JNV' 'VN 

'CK' 'CK 

J ~ ~ *  V~~ 

'E "D 

JA ' 'A 
'b , Vb 

% ' '6 
56 
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4.4.7.1 

4.4.7.2 

4.4.7.3 

’* 
Adjust the fo l lowing parameters (not speci f ied i n  
Table 4) t o  the following values i f  necessary 

= 1.0 j C l t  
VA -300 

VD = 32 

Check t o  make sure J3 = J = = 0. Operate thruster  a t  
t h r o t t l i n g  set-point 15 ftr 10 minutes. 

If step 4.4.7.2 has been completed, and the thruster  i s  
operatin9 stably, the run phase i s  establ ished and 
acceptance t e s t  procedures can be continued. I f  any 
a n e l  i e s  occurred during the start-up procedure, w r i t e  
a b r i e f  descr ipt ion and sumnary. Include t h i s  1 

wrfth the data package. 

4.5 Disc’large and Neutral izer Characterization 

4.5.1 For the i n i t i a l  characterization, operate the thruster  a t  
parameters l i s t e d  f o r  set point  #15 i n  Table 4.1 ( t e s t  PO 

ri te-up 

the control  
n t  i n  
and 1.8 A Table 4.1). 

respectively. 
f o r  the t e s t  po int  i n  T3ble 5.1 tha t  i s  being elvauated (4, 6, 7 o r  9). 

Note that references f o r  VD and J are 32.V 
I n  successive characterization!! adjust  the parameters 

With the thruste6operat ing stably under the condit ions l i s t e d  i n  
para. 4.5.1, record a l l  operating parameters, including vaporizer 
temperatures. The neutra l izer  control  character is t ic  can now be 
documented as fol lows. 

4.5.2 

4.5.2.1 

4.5.2.2 

4.5.2.3 

4.5.2.8 

Figure 4.2 shows a q u a l i t a t i v e  example o f  the neutra l izer  
keeper-vol tage/va po r i  zer - tempera ture charac t e r i  s t i c t o  be 
determined here. Note t h a t  there i s  a minimum value o f  

and a minimum stable reference point  t ha t  w i l l  be 
by the t e s t  procedures described below. 

Decrease the reference t o  produce a 0.5 V decrease i n  VNK. 
Again observe the vaporizer current t o  determine when 
steady s tate has been established. 
remains a t  maximum and vaporizer temperature continues t o  
increase, see para. 4.5.2.5. 

I f  vaporizer current 

When steady s ta te  has been established as described i n  
para. 4.5.2.2, record VNK, TNV, 

Repeat steps 4.5.2.2 and 4.5.2.3 u n t i l  steady state cannot 
be obtained, (VNK continues t o  r i s e  w i th  JNv a t  MX value). 

JNv, VNv and V 9‘ 
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4.5.2.5 

. 4.5.2.6 - 

4.5.2.7 

4.5.2.8 

4.5.2.9 

4.5.2.10 

b 
The reference set  po int  f o r  V p r i o r  t o  the attempted 0.5 V 
change i s  the minimum stable Pbference point - note this on 
the data sheet and re tu rn  the reference far V t o  2 V above 
t h i s  value. As the new reference po in t  i s  beV6g established 
by the vaporizer control,  monitor V and note the minimum 
value o f  V observed (as seen i n  bfg. 4.2) and record on 
the data s&et. 

Re-establish condit ions with reference f o r  VNK set t o  15 V. 

Increase the neutra l izer  vaporizer reference setpoint t o  
produce a 0.5 V increment i n  the neutra l izer  keeper voltage, 

reach6d. 

When steady s tate has been reached, r e c w d  values of V 
neutra l izer  vaporizer temperature, 
current and voltage, I 
voltage, V on the dat!"sheets. If neutra l izer  keeper 

9 
discharge extinguishes, proceed t o  para. 4.5.2.10. 

(e.g., t o  16.0 V f o r  the f i r s t  var ia t ion) .  Observe the 
current t o  determine whether steady s tate has been 

A 
; 

, neutra l izer  va jb r i ze r  Tv and VNv; an the neutra l izer  coupling 

Repeat steps 4,5.2.7 and 4.5.2.8 u n t i l  V 
neut ra l izer  keeper discharge extinguishe!. ' 

is 18 V o r  the 

4 

Se-establish operati ig'  condit ions w i th  reference for  VNK 
set t o  15 V. 

4.5.3 The thruster should now be operating s tab ly  again and the magnetic 
b a f f l e  control  character is t ic  can now be documented as fol lows: 

4.5.3.1 Establ ish thruster  operation f o r  parameters of t es t  po int  no. 9 
i n  Table 5.1 w i th  JMB = 2.7 A. 

4.5.3.2 Reduce the magnetic b a f f l e  current (JHB) by 0.1 A. 

4.5.3.3 Observe thruster  operation for  several minutes t o  determine 
control  loop s t a b i l  i ty. I f  the cathode-vaporizer/discharg,?- 
voltage contro l  'loop appears t o  beoperating i n  stable, 
proport ional control then record the fol lowing parameters on 
Data Form #2 (Magnetic Baffle/Discharge Data). 

Magnetic B a f f l e  Current JHB 
Cathode Vaporizer Temperature TCv 

Main Vaporizer Temperature TMv 
Accelerator Current JA 
Cathode Keeper Voltage VCK 
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4.5.3.3 Continued 'r 

A f t e r  recording these data, repeat the step o f  4.5.3.2 
unt i l  stable operation i s  impossible t o  obtain ther, 
re turn the se t t i ng  f o r  J t o  the l a s t  stable po int  
recorded and proceed t o  bar,. 4.5.3.4. 

above the minimum stable value (as detemined i n  
4.5.3.2 above) f o r  the condit ions o f  the t e s t  po int  j u s t  
characterized. Repeat the character izat ion as described 
i n  para. 4.5.3.2 and 4.5.3.3 f o r  each o f  the fo l lowing t e s t  
points (Table 5.1), i n  the order l i s t e d :  Test po int  7 
(Jb = 1 A), 6 (.Ib = 1.3 A), 4 (.Ib = 1.6 A)  and 1 (Jb = 2.0). 

sheet e n t i t l e d  "Acceptance Test DataM!or P r inc ip le  
Th ro t t l  ing Points". 

cathode vaporizer temperatures recorded, s c f k i f y  values of 
JMB f o r  Table 5.1 tha t  

a) 
b) 

e) pyoduce min JA 
d) 

4.5.3.4 Increase the magnetic b a f f l e  current (d ) t o  0.2A 

3.5.3.5 Record the minimum stable value o f  J on the summary 

I 
4.5.3.6 On the basis o f  the minimum stable value J , and the 

are greater than the minimum value 
require cathode vaporizer temperatures t o  produce 
100 mA cathode f low r a t e  

demand the l e a i t  number o f  d i f f e r e n t  JMB set points. 

. 

4.6 Thruster Performance Evaluation 

4.6.1 Performance evaluation consists o f  measuring the ion beam character is t ics  
as a funct ion o f  the e l e c t r i c a l  power and propel lant  i npu t  t o  the thruster 

4.6.2 Ion beam character is t ics  are detemined by measuring the fol lowing: 

4.6.2.1 

4.6.2.2 

Ion beam current, J i s  measured as shown i n  the measurement 
c i r c u i t  diagram of b F i g .  4.1. 

Ion beam voltage, V i s  measured as Vll + Vg - V (as defined 
i n  the c i r c u i t  diagbarn o f  Fig.. 4.1). 9 

4.6.2.3 Correction factors t o  measured beam current f o r  doubly charged 
ions and non-axial current components are measured using a 
col l imated mass spectrometer as described i n  Section 
o f  IPD-PR-141.. The thrust  factor, Y i s  the r a t i o  o f  the actua 
th rus t  'produced t o  tha t  calculated from the measured beam 
current and voltage, ,Ib and Vb. 

4.6.3 ' Thruster e l e c t r i c a l  inputs f a l l  i n t o  two categories, independent and 
dependent as described below. 
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4.6.3.1 Independent e l e c t r i c a l  parameters are defined t o  meet the require- 

ments o f  the thruster  appl icat ion (within the l i m i t s  of the thruster 
capabi l i t ies). .  With reference, t o  Fig. 4.1 these.electr lce1 parameter: 
are : 

Accelerator voltage, V.A 
Ion beam voltage, vb 
Ion beam current, J b 

Di sc harge vol  ̂ ,age, V D 
Emission current, J E 
Neutral i zer keeper vol  tage , VNK 
Magnetic b a f f l e  current, rl 
Cathode keeper current, J C~ 

,Neutral i t e r  keeper current, JNK 

Thest! parameters alae not t o t a l l y  independent, i n  a s t r i c t  sense, 
but can be speci f ied independently over some range o f  values 
t h a t  depends both on the dimensional adjustments o f  the 
thruster  and on the choice o f  the other parameters. 
necessary t o  specify a consistent set  o f  these parameters f o r  
each thruster  performance evaluation. 

Dependent e l e c t r i c a l  inputs are propert ies o f  the thruster  and of 
the independent e l e c t r i c a l  parameters l isted above. These 
include: , 

Cathode vaporizer voltage and current, Vcv ar,d J cv 
Main vaporizer voltage and current, #,, and JlJlV 
t leutral i z e r  vaporizer voltage and current, VNv and JNv 
Acc: ,erator d ra in  current, JA 
Cathode keeper voltage , VcK 

It i s  

1 
4.6.3.2 

; 8 .  * 

4.6.4 The propel lant  input t o  the thruster i s  a lso dependent on the choice o f  the 
indpendent e l e c t r i c a l  parameters and the thruster.  

4.6.4.1 Propel 1 ant input i s  measured using ca l ibrated reservoirs as 
described i n  IPD-PR-141. 

4.6.4.2 Propellant f low ra te  t o  each vaporizer i s  deternined by recording 
the quant i ty of mercury contained i n  the corresonding reservoir  
a t  i n te rva l s  o f  5 minutes o r  more. 
operated steady s tate u n t i l  a minimum o f  6 reservoir  readings 
are obtained. 
f i t t i n g  a s t ra igh t  l j n e  t o  the data recorded and obtaining the 
slope i n  un i t s  o f  cm per hour. Conversion t o  equivalent 
amperes i s  based on the relat ionship:  

The thruster  should be 

The f low i s  computed by graphical ly o r  numerically 

1 cm3/hr 8 2OoC = l.809R 
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b 
4.6.4.3 The propel lant  f low r a t e  f o r  each vaporizer i s  determined 

for  each set  o f  independent parameters as described i n  
paragraph 4.6.4.2 above and recorded on a data summary sheet. 

A data sumnary sheet i s  prepared tha i  includes the fol lowing 

parameters. 

4.5.6 A performance sumlary i s  prepared as follows: 
4.6.5.1 

- Main vaporizer propel lant  flow i n  equivalent amperes. 

- Cathode vaporizer propel lant  flow i n  equivalent amperes. 

- Neutral izer vaporizer propel lant  f low i n  equivalent 
amperes. 

%V 

mCV 

lhNv 

Y - 
& 

t h rus t  correct ion fac to r  from measurement described 
under paragraph 4.6.2.3. 

Thrust correct ion factor  due t o  beam divergence 
(ref. 4.6.2.3) 

Ion beam current ( re f .  4.6.2.1) 

Ion beam voltage ( re f .  4.6.2.2) 

Tot,al power i n t o  the thruster ( re f .  4.6.5.2) 

Actual thrust  ( re f .  4.6.5.3) 
I. ' f  * 

Propellant e f  Ficiency, discharoe chamber only 
( re f .  4.6.5.4) 

Minimum eV/ion (per para. 4.7) 

Total propel lant  e f f i c iency  ( r e f .  para. 4.6.5.5) 

E lec t r i ca l  e f f i c iency  ( re f .  para. 4.6.5.6) 

Thruster e f f i c iency  ( re f .  para. 4.6.5) 

Speci f ic  impulse 

4.6.5.2 The t o t a l  power input,PT ,is obtained from the e lec t r i ca l  
parameters as follows: 

pT 
= 

JMV v ~ w  ' +v "cv ' %iv "NV+ 'INK "NK '%K V~~ 

+ J E  VD ' JA VA ' Jb vt, + VG ' J;,fB v#p 

i 

61 

3 



These parameters are measured a t  the points  indicated &I 
the c i r c u i t  di jgram shown i n  IPD-PR-141. The values used 
f o r  computation w i l l  be the l a s t  readings recorded dur;ng 
the propel lant  f low r a t e  measurement. 

4.6.5.3 The actual t h rus t  i s  computed from the measured bean current 
and voltage as follows: 

F = 2.039 x l om3 y J, & ( i n  N) 

4.6 .5 .4  The discharge chamber propellant u t i l i z a t i o n ,  corrected f o r  
double ions i s  computed by 

r 

4.6.5.5 The t o t a l  propellant e f f ic iency,  qMT, i s  computed for use i n  
t o t a l  e f f i c iFncy  and i s  npt  corrected f o r  doubly charged ions. ! 

4.6.5.6 The e?ec t r i ca l  e f f ic iency,  ne, i s  computed by 

3.6.5.7 The overa l l  thruster  e f f ic iency,  qT, i s  computed by 

4.6.5.8 The speci f ic  impulse i s  computed by 

ISp E loo'ly %T 

62 



4.7 Determination o f  Minimum Discharge Current  Operating Point b 

4.7.1 The thruster operating poin t  is established as specified by the 
independent parameters for the case i n  question. The minimum 
discharge current is then determined by reducing the valde of IE i n  
0.2 A increaents as described i n  the following paragraph. 

4.7.2 Adjust J t o  obtain 3 = 5J + 2 for the specified value of 4 a A l l  
vaporizef; control loo s shohd be o erating i n  closed loo coktrol. Record 

to reduce 4 u$il the'%in vaporizer conrtrol loop loses control (beam 

by the procedure below: 

the value of J and ! for initia P operation a t  JE = 5 &,, + 2. Proceed 

current con F hues to decrease w i t h  vaporizer heater current a t  maximum) 

Reduce the value of J as indicated on the data format. E 4.7.2.1 

4.7.2.2 Adjust d 
value oiHB4,. 

t o  restor5 the value of aCy noted for i n i t i a l  

A 
4-7.2.3 After control has stabilized, record JA. 

b i n e  the valuesof 3 V S . l  obtained per para. 4.7.2 and determine the 
minimum value as; a $he vhue o f  the emission current a t  which J is 
twice the value of .I for JE = 51 + 2 , or b)  the value o f  the e m h i o n  
current for which vaborizer contrbl was lost (whichever value is greater). 
RecorC the minimum value of JE on the data sumnary sheet. 

4.7.3 

! 

i 

4.8 Recycle Verification i 

4.8.1 Recycle verification ionsists o f  iducing a transient overcurrent cmdition 
i n  the screen or accelerator power supplies and observing t h e  return to  
normal operation. 

4.8.2 Evaluate recycle conditions by inducing a minimum of 10 transient over- 
currents and observing the kstoration of thruster control. The method for 
inducing the overcurrent condition varies w i t h  the power processor used. 
Some possibilities are: 

4.8.2.1 Simulatethe overcurrent signal i n  the screen or  accel power 
supply control circuit (recycle pushbutton on some test consoles) 

4.8.2.2 Momentarily s h u t  off acce' power supply. 

4.8.2.3 Momentarily short circuit the accel power supply. (ked note 
on durat ion of short circuit). 

4.3.3 Write a brief descriptive narrative to document the results o f  the recycle 
verification test (Hay be written directly on t.he d a t a  sheet or attached 
to  i t ) .  
t o  docmiit neutralizer keeper current, d 
beam current, dl ,  through the recycle Der%. 

Include oscilloscope waveforms of a typical recycle oepration 
discharge current, JE, and 
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* 4.9 Osc i l l a t i on  Ver i f i ca t i on  

Osc i l la to ry  behavior i s  known t o  e x i s t  i n  several o f  the th rus ter  parameters. This 
behavior i s  a funct ion o f  the pokfer supplies used t o  operate the thruster,  i n  
adai t ion t o  the thruster  character ist ics.  Documentation o f  t h i s  behavior 
const i tu tes a survey o f  any time dependent behavior observable on the beam current, 
J , the discharge current, J , the cathode keeper cwrent ,  J , and the neut ra l i zer  
kkeper current, J 
coupled current p&e as described i n  IPD-PR-141. The procedure i s  described below. 

Heasurkent i s  made with an o s c i ~ ~ o s c o S &  and an induct ive ly  

4.9.1 Stab i l i ze  the th rus ter  opeation f o r  the independent parameter select ion 
t o  be docunented. Record a l l  thruster  parameters. 

8.9.2 Photograph osci l loscope waveforms of .I , J , and WD, using ti,m 
scales of 1 msec/division and 0.1 msec9divFsion. 
Photographs should show the phase re la t ionsh ip  o f  any time dependent 
behavior t o  tha t  o f  'tE. 

Prepare a short d fscr ip t ion o f  the experiments and the power supplies used. 
I f  possible ind icate the output capacitance and/or inductance o f  power 
supplies i n  question. Attach the osci l loscope waveform photographs (wi th  
time and amplitude scales appropr iately i den t i f i ed )  and include i n  the 
data package. 

e 

4.9.3 

4.10 Neasurement o f  the Extract ion System Perveance 

The ion ex t rac t ion  system perveance defines the minimum value o f  ext ract ion voltage 
that  i s  required t o  e f fec t i ve l y  ext ract  and focus an ion  beam o f  a speci f ied 
current value. 

4.10.1 

The procedure i s  performed as described below. 
t r  . 

Stab i l i ze  thruster  operation f o r  the'independent parameter select ion t o  
documented. 
A l l  control  loops should be operating i n  proport ional control .  

Record the value o f  a l l  thruster  parameters on the data sheet. 

4.10.2 Increase the discharge losses t o  250 eV/ion by increasing the discharge 
current, 4 . Adjust the magnetic b a f f l e  current, JMB, t o  restore Jcv  
t o  the va lbe  recorded i n  4.10.1. 

4.10.3 Reduce the beam voltage, Vb, by 50 V and the accelerator voltage constant 
a t  300 Y. 

4.10.4 

4.10.5 Repeat steps 4.10.3 and 4.10.4 u n t i l  J increases rap id l y  o r  u r t i l  the 

Allow contro l  loops t o  s t a b i l i z e  and record Vb, JA,  JFlS and JMv. 

main vaparizer control  i s  t o s t  (J,,,,, gobs t o  i t s  maximum value). 

4.10.6 P lo t  J as a funct ion of V + l V  . The "perveance l i m i t "  i s  defined as 
the voftage a t  which d bebins increase rap id ly  as shown i n  Fig. 4.3. 
Determine V 
points plot196 and recobded on the data sheet. 

= Vb + 11 I for  the "perveance l i m i t "  as indicated from the 

4.10.7 Restore thruster  operation f o r  the select ion of independent parameters 
being documented. Allow control  loops t o  s tab i l i ze .  
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t 
4.10.8 Determine the "backstreaming 1 i m i  t" by reducing the accelerator 

voltage, V i n  10 v o l t  changes u n t i l  backstreaming o f  electrons i n t o  
the d ischabe chamber occurs. This condit ion i s  detected by monitoring 
the beam current, Jb, f o r  B sharp, momentary increase a t  the time the 
accelerator voltage i s  decreased, followed by a reduction i n  main 
vaporizer current, J Record the accel voltage, VA, f o r  which t h i s  
ind icat ion occurs on'the data sheet. 

4.11 Thruster Shutdown 

A standardized thruster shutdown procedure i s  employed t o  ensure r e l i a b l e  thruster  
start-up as follows: 

4.11.1 

4.11.2 

Acceptance tes t i ng  i s  performed on a l l  new thrusters and per iod ica l ly  on reworked 
thrusters o r  thrusters tha t  have been subjected t o  some form o f  qual i f icat ion test ing.  
The acceptance tests  are conducted i t  described i n  the fol lowing paragraphs. The 
personnel performing the acceptance t e s t  should famil i a r i r e  themselves w i th  the content 
o f  th is IPD and the IPD's specif ied i n  para. 2 before proceeding. I f  i t  appears 
necessary to  modify any procedures i n  performing the acceptance tests, the pro ject  
manager should Se consulted f i r s t ,  and the variance(s) i n  procedure should be thoroughly 
documented. 

5.1 

Reduce J i n  0.1 steps by adjusting the parameters specif ied i n  Table 4.1 
i n  the &serve order o f  the manner prescribed i n  para. 4. 
When set-point 1 i s  pached, shut o f f  a l l  power supplies. 

5.0 ACCEPTANCE TEST A 

a 

The thruster i s  f i r s t  i n s t a l l e d l i n  the test  f a c i l i t y  as per paragraphs 4.1 and 4.2 
o f  t h i s  IP3. The acceptance tests require several days o f  test ing t o  complete and 
therefore the procedures for start-up and operation are d i f f e ren t ,  depending on 
whether the thruster i s  being started up f o r  the f i r s t  t i m e  (para. 4.3) or re-started 
f o r  the next series o f  tests (para. 4.4). 
determined set o f  test-points (para. 5.2) f o r  which the documentation procedures 
described i n  para. 4.5 through 4.10 are also specified. Thruster shutdown between 
segments of the t e s t  i s  described i n  para. 4.11. 

The thruster i s  operated a t  a pre- 

5.1.1 

5.1.2 

5.1.3 

The f i r s t  segment o f  the acceptance tes t  provides f o r  i n i t i a l  cathode 
condit ioning , recycl e ver i  f ica t ion, osci 1 1 a t  ion documentation and 
determination of reference values for .I and V (see para. 2.3). It 
should be possible t o  complete these t&&s on t i E  f i r s t  day of test ing. 

The remaining block of  tests i s  f o r  co l l ec t i ng  data as prescribed by 
para. 5.4 t o  establ ish the thruster 's "signature" for comparison w i th  
"signatures" o f  other thrusters o r  standards. These tests may be performed 
i n  any sequence t o  s a t i s f y  the data requirements as l i s t e d .  
considered t o  be important whether these tests are performed continuously 
or i n  segments. 

I t  i s  not 

The procedures prescribed i n  t h i s  document should be followed carefu l ly ,  
but an e f f o r t  should be made to  l i m i t  t o t a l  thruster operating t i n *  t o  
50 hours or less. 
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5.2 The th rus te r  t e s t  po ints  are determined by a combination o f  selected independent 

parameters, as described i n  paragraph 4.6.3.1. Speceif icat ion o f  the n ine 
independent parameters i s  prescribed i n  t h i s  paragraph. 

5,2,1 Three of the n ine independent parameters remain f i x e d  f o r  a l l  acceptance 
test  points. These are: 

5.2.2 Four more o f  the parameters are speci f ied i n  combinations as shown i n  
Table 5.1. 

5.2.3 The reference parameters for magnetic b a f f l e  current and neu t ra l i ze r  
keeper voltage haye t o  be determined as the f i r s t  p a r t  o f  the acceptance 
test .  Determination i s  made for po ints  1,4,6,7 and 9 of Table 5.1 t o  
establ ish the empir ical re la t ionships 3 (J ) and V (Jt!. These 
re la t ionships are then used t o  provide R l u e S  o f  JMt! fnd VNK for  a l l  
po in ts  i n  the table. 

5.3 The acceptance tes t i ng  begins w i th  cathode condi t ioning per para. 4.3 and thruster  
start-up per para. 4.4. 
thruster  operation f o r  the i n i t i a l  condit ions o f  t e s t  po in t  1 o f  Table 5.1. 
f i r s t  t e s t  determines the magnetic b a f f l e  and neutra l izer  keeper references. 

5.3.1 

Successful completion of these procedures establ ishes 
The 

Following the procedures described i h  para. 4.5, determine the magnetic 
b a f f l e  current and neutra l izer  keeper voltage references f o r  t e s t  po ints  
1,4,6,7 and 9 o f  Table 5.1. 

. 
I. 

5.3.2 Using the data obtained i n  para. 5.3.1, p l o t  J versus 3 and V versus 
d F i t  a smooth curve t o  the experimental dak!#. Use thkse cur& t o  
sbeci fy values o f  JMB and VNK for  a l l  o f  the t e s t  points i n  Table 5.1. 

5.3.3 Set J and V t o  the appropriate values f o r  t e s t  po int  1 and v e r i f y  
recycy@ per pfiPa. 4.8 and document o s c i l l a t i o n s  per para. 4.9. 
any unusual f indings on the data sheets. 

Describe 

5.3.4 T h i s  completes the i n i t i a l  o r  ca l i b ra t i on  section o f  the acceptance test .  

5.4 Performance of the remainder of the acceptance t e s t  i s  more f l e x i b l e  i n  tha t  the 
order o f  the procedure i s  somewhat a r b i t r a r y  and may be determined by factors 
such as the a v a i l a b i l i t y  o f  t e s t  equipment o r  personnel scheduling, etc. 

5.4.1 To begin, stable thruster operation i s  obtained using the appropriate 
start-up procedure and then operation i s  establ ished a t  the t e s t  po int  
(Table 5.1) t o  be documented by increasing (or  decreasing) the beam current 
i n  0.1 A steps as described i n  para. 4.4.6.4. 
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5.4.2 Documentation consists o f  performing the procedures indicated i n  
Table 5.2 f o r  the t e s t  points o f  Table 5.1 and several other 
combinations o f  procedures as described below. 

5.4.2.1 Gmplete the procedures as prescribed i n  Table 5.2. 

Using the value o f  V obtained by determining the 
perveance l i m i t ,  per o m  the minimum emission current 
procedure (para.4.7) for  set  points 1,4,6, and 8. 

Set UD the operating condit ions f o r  t es t  po int  6 and reduce 
the ham voltage, V , t o  i t s  value a t  the perveance l i m i t  
o r  200 yol ts,  whichher i s  greater. 
occurs, increase the values o f  V i n  small increments 
unt i4 s t a b i l i t y  i s  achieved. 
s t a b i l i t y  and perform the ef f ic iency and recycle procedures 
per para. 4.6 and 4.8, 

8 5.4.2.2 

5.4.2.3 

I f  unstable operation 

No&e the requirenents f o r  

595  The data obtained i n  performing the procedures as directed i n  para. 5.3 and 5.4 
i s  now col lected and assembled t o  form the Acceptance Test uocumentation. "he 
data format provided w i th  IPD-PR-143 are used t o  f a c i l i t a t e  t h i s  procedure. These 

--data formats are completed and assembled i n  the order l i s t e d  below. . .. 

Acceptance Test Documentaftion (Cover)- - 
Acceptance Test Sumnary 
Acceptance, Test Data f o r  Pr inc ip le  Thro t t l ing  Points 
Ion Extract ion Assembly Perveance S u m r y  
Neutral izer Keeper Voltage Characterist ic 
Osc i l la t ion  Ver i f icaton Sumnary 
Oscilloscope Waveforms (5 pages) 
Neutral izer Char ixter izat ion Data (5 pages) 
Magneti c Ba f f 1 e/Di scharge Character i za t ion ( 2 pages ) 
Minimum Emission Current Data (2  pages) 
Extract ion System Perveance Data 
Extraction Assembly Spacing Chart 
Vaporizer Propellant Calibrat ions (2  pages) 
Acceptance Test Operating l ime Log 
Thruster Operating Data (20 pages) 

Start-up Sheets 
Test Data 
Propellant Flow Data 

Beam Probe Data (30 pages) 
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Test 
Point 
No. 

1 

2 

3 

4 

5 

6 

7 

a 
9 

10 

Page 19 o f  22 

Table 5.1 Independent Parameter Speci f icat ion for Acceptance Test 
-c---_ 

Beam 
Current 

IB  

2.0 

2.0 

2.0 

1.6 

1.3 

1.3 

1 .o 

.75 

.75 

.75 

Beam 
Voltage 

"B 

1100 

1100 

1100 

940 

J100 

820 

700 

1100 

600 

600 

Discharge 
Voltage 

vD 

32 

31 

32 

32 

32 

32 

4 32 

32 

32 

31 

Emission Magnetic W t r a l  i zer  
Current Baf f le  Current Keeper Voltage 

I €  I#B V~~ 
(a 1 (a 1 

12 

12 

11.4 

10 

8.5 

8.5 

7 .O 

5.75 

5.75 

5.75 

Table 5.2. Experimental Procedures t o  be Pecformed f o  cumenting the Test 
Points o f  Table 5.1 id90 

Test Point Para. 4.6 Para. 4.7 Para. 4.8 Para. 4.9 Para. 4.10 
Ef f ic ienc ies Min I E  Hecyc 1 e Osci 11 a t  ions Perveance 

1 X X 

2 X 

3 X 

4 X X 

5 X 

6 X X X 

7 X X 

8 X X 

9 X X X 

68 
10 X 

(a) Completed per para. 5.3.1 and 5.3.2. 
;c' 

X 

X 

X 

X 

X 

X 

X 

X 
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Fig .  4.1 Acceptance Test Circuit Diagram 
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SPECWCATION TfTLE 

Thruster Test Faci l  i t y  

1 .o 

2.0 

3.0 

APPROVALS 

Scope 

This speci f icat ion establishes the f a c i l i t y  requirements for t es t i ng  o f  
30 cni ion thrusters. 

&pl icable Documents 

2.1 IPD-PR-141 

2.2 Thruster Interface Drawing 

m u  i ranent s 

3.1 Vacuum Chamber Test F a c i l i t y  

The vacuuin chamber t e s t  f a c i l i t y  required shou?! be a min imum o f  
1.2 m in ternal  diacieter and provide a beim path o f  a t  least  3 m. 
example of a sui table vacuum chamber conf igurat ion i s  shown as Fig. 1. 

An 

3.1.1 

3.1 - 2  

3.1.5 

3.1.4 

The mininium pumping requirements f o r  the vacuum chamber are 
as follows: 

0 O i l  d i f fus ion pump wi th  LN2 o r  re f r i ge ra t i on  b a f f l e  - 
30,000 U s  or greater. 

2 
0 Cryogenic punping - 7.5 m or  greater. 

The vacuum char,iber w i l l  be equipped w i th  a water cooled bcam 
target as  indicated i n  Fig.  1. 
constructed o f  a l o w  sputtering r a t e  n a t e r i a l  such as t i tanium 
or stainless steel .  
sat isfactory.  

The beam target should oe 

A frozen mercury beam target i s  also 

The vacuum chamber w i l l  be equipped w i th  ion izat ion gauges f o r  
monitoring aiiibient chamber pressure. 

The vacuum chaiiber w i l l  be equippeel w i th  viewing and access 
ports t o  provide instrumentation as described i n  IPD-PR-141 

3.2 Thruster llounting 

A mounting f o r  the thruster assembly w i l l  be provided as  indicated 
F i g .  2. 

n 
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3.2.1 The thruster mounting w i l l  provide dccurate a l l  nmen+ o f  
the thruster ax is  t o  the vacuum chamber axis. 9 It may be 
assumcd that  the thruster  axis i s  accurately al igned t o  
the gimbal pad surfaces; see drawing No. 1095023). 

The thruster mounting w i l :  provide coverings t o  protect  the 
thruster  wi r ing harness from back-sputtered deposit ion as 
shown . 

3.2.2 

3.3 Propellant Reservoir 

The thruster  mounting o r  vacuum f a c i l i t y  shal l  be provided with a 
buret te type o f  mercury reservoir  as shown i n  Fig. 3. 

3.3.1 Propellant w i l l  be loaded i n t o  the l a rge r  reservo i r  under 
vacuum as described i n  paragraph 4. 

3.3.2 The mercury head as indicated i n  Fig. 3 shal l  not  be greater 
than 1 m. The mercury head must be pos i t i ve  unless the 
reservoir i s  appropriately pressurized. 

4.0 Procedure 

4.1 Propellant Loading Procedure 

The main propellant reservoir  f o r  each vaporizer i s  f i l l e d  under 
vacuum by the fol lowing procedure. 

4.1.1 Valve number 1 (see Fig. 3)  i s  closed and a mercury f i l l  
f i t t i n g  configured as shown i n  Fig. 4 i s  attached t o  the top 
o f  the reservoir.  

4.1.2 With valve A (Fig, 4) close evacuate the main reservoir  
buret te t o  a pressure of 1C ?2 t o r r  o r  less. 

4.1.3 Slowly open valve A u n t i l  mercury begins t ransferr ing i n t o  the 
main reservoir  i n  small droplets. 

4.1.4 When reservoir  i s  f i l l e d ,  close valve A and vent the reservciir 
t o  atmosphere. 

4.1.5 Remove the f i l l  f i t t i n g  and replace the dust cover on the main 
reservoir ,  

4.1.6 Using valve number 1, f i l l  the ca l ibrated buret te t o  the 
desired leve l  (by g rav i t y  f low). 
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bPLCIClCATION TITLE APPeKwILs 
0 cm Thruster Power Processor 
)pet i f ica t i on I 1 

.€I 

!.O 

1.0 

SCOPE 

This speci f icat ion defines the power supplies, the control  algorithms, and the 
wi r ing diagrams that are required f o r  operating a 30 cm ion thruster o f  the 
700, 800, 900 and J series. 
c i r c u i t r y  IS referred t o  as a power processor. Although exacting power processor 
speci f icat ions are not considered v i t a l  t o  thruster test ing, the power processor 
must meet several general requirements t o  insure tha t  future comparisons of any and 
a l l  data are meaningful. I d e n t i f i c a t i o n  o f  the power processor used shal l  be 
entered i n  the t e s t  report.  

- * 

The resul tant  assembly o f  power supplies and 

APPl ICABLE DOCUl4ENTS - 
2.1 IPD-PR-141. Instrumentation bnd ca l ibrat ion.  

REQU IRMENTS 

3.1 Powr Supplies 

3.1 .I 

3.1.2 

3.1.3 

. 

A l ist  o f  the power supplies tha t  are required i s  provided i n  
Table 1; the power supply designations and rat ings are given. 

The heater supplies desiynated as numbers 1 through 6 i n  Table 1 
have no speci f ic  r e p l a t i o n  requirements and may be e i t h e r  d.c. o r  
a-c. ( a t  any frequency less than 100 kHr. )  

The vaporizer power supplies designated as numbers 1, 2, and 6 
must be progranmable. (;.e., i t  must be possible t o  control  the 
output i n  proport ion t o  Pn input control  Yoltage). . 

3.1.3.1 I n  proportional control,  the output o f  the main 
vaporizer smply  (No. 1) i s  control led i n  proport ion t o  
the screen current ( I I I ) .  

3.1.3.2 I n  proportional control.  the output o f  the cathode 
on t o  

. .  
vaporizer supply (No. 2 )  i s  control led i n  proport 
the discharge supply output voltage ( V g ) .  

I n  proportional control ,  the output o f  the neutra 
vaporizer supply (No. 6 )  i s  control led i n  proport 
the neutral i r e r  keeper voltage ciutput ( V 7 )  

3.1.3.3 i zer 
on t o  
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Thble 1. Power Supply Description and W i n g s  

Power 
supp 1 y 

fla i a Vapor i zc r 
Cathode Vapor. 
Cat h. T i  p (Heat c r )  
Isolator Heater 
Neu t ra . T i p (Hca t e r )  
Ncut r a .  Vapor. 
Neutra.  Kecpcr 
Cathode Kccpcr 
0 i sc harge 
Accelerator 
Screen 
Magnetic Baf f IC 

Nunbe r - 
1 
2 
3 
I 
5 
6 
7 
8 
? 

19 
11 
12 

Hax 
Volts 
I- 

14 
10 
20 
20 
20 
10 
25 
IS 
50 

so0 
1100 

4 

Max 

!?!!!!E 

2 
2 
4.4 
7 
4.4 
2 
2 . 2  
1 .o 
14 .0  
.a0 
2 . 1  
4 

28 
20 
88 

I40 
88 
20 
55 
15 

700 
10 

2 300 
16 

I 

-.. 
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3.1.4 The keeper supplies, designated as numbers 7 and 8 ,  are current 
regulated, d.c. power supplies w i th  programnable current set  
points. Both power supplies should have an open c i r c u i t  output 
voltage boost t o  provide a t  l eas t  300 V output voltage for zero 
current conditiohs. The power supply output should be capable 
o f  r i s i n g  t o  50 V t o  maintain current cont ro l  i n  the 50 mA t o  1.0 A 
range of output current. 

3.1.4.1 The cathode keeper power supr ly (No. 8) operates a t  1 A 
output i n  typ ica l  operation. 

3.1.4.2 The neutra l izer  keeper power supply (No. 7)  operates a t  
1.7 A output i n  typ ica l  operation. 

3.1.4.3 

The discharge power supply i s  a current control led,  current 
regulated, d.c. power supply. 
specifications should- be recorded for  future reference when 
performing thruster  tests.  

0 Output impedance 

Both keeper power supplies should have an i d u c t i v e  
output. 

3.1.5 
I f  known, the regulat ion and output 

Important parameters are: 

0 Regi l a t i  or- ,ercentage 

0 Frequency response 

The screen and accelerator supplies (Mo.'s 11 and 10, respect ively)  
are voltage regulated power supplies. 
recorded are: 

3.1.6 
Important parameters t o  be 

0 Regul a t  i on percentage 

0 Output capacitance 

3.1.7 The magnetic b a f f l e  power supply (No. 12) i s  a current control led,  
current regulated d.c. power supply. 
recorded ars: 

Important parameters t o  be 

0 Regulation percentage 

' ".- 

0 Output impedance 

0 Frequency response 
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3.1.8 The power supplies described above must be integrated i n t o  a 
power processor by the incorporation o f  control  c i r c u i t r y  t o  
provide overload protect ion and proportional control  o f  the 

. vaporizer and heater power supplies. The control  approach has 
been described i n  d e t a i l  i n  NaSA CR 120919 and NASA TMX-71647 
and can be succinct ly represented by the block diagram shown 
as Fig. 1. Mechanization o f  thi 's approach may vary, however 
the essential features are l i s t e d  i n  the fol lowing paragraphs. 

3.1.8.1 Overload protect ion should be provided such tha t  
overcurrents i n  e i t h e r  the screenor accel power 
supplies w i l l  i n i t i a t e  a programed shutdown o f  the 
high voltage power supplies (10 and 11). This shutdown 
w i l l  be automatical ly followed by a programed "recycle" 
t o  reestabl ish the operating conditions that  existed 
p r i o r  t o  the overcurrent. 
have been defined i n  NASA CR 120919 as follows: 

The overcurrent condit ions 

> 3.0 A f o r  0.5 sec 

o r  
' >  0.2 A f o r  1.0 sec 

> 0.4 A f o r  0.1 sec 

110 - * 

I l l  - 
I l r  - 

o r  

The overload recycle sequence i s  as follows: 

1. Power supplies 10 and 11 o f f .  ! 
e 

2. Reference currents for power supplies 7 and 9 set t o  
recycle control  point. 

;? 

3. Power supplies 10 and 11 turned on. 

4. Reference for power supplies 7 and 9 returned t o  
tne same control  point  as before the overcurrent. 

The recycle control  points for  power supplies 7 and 9 are 
subject t o  periodic re -de f i n i t i on  and may vary because of 
the indiv idual  power supplies. A nominal set o f  control 
references are 2.5 A f o r  I ,  aod 1.0 A f o r  I . The time 
required i n  advancing from step 1 t o  3 i n  tfle recycle 
sequence should not exceed 600 msec. The time required 
i n  advancing from step 1 t o  4 should not exceed 850 msec. 

31 t: 



IPD.-PR-140 

Page 5 of IO 

a s c w m v - d  r 
MAIN CONTROLLER 1 CURRENT 

CONTPOLLER 

MAIN 
VAWRIZCR Qs 

I-d BUFFER AMP ! t I CONTROL) I -. 

SCREEN PS 
t V CONTROL 1 

SCREEN 

l U F f E R  AMP 

ACCELERAI OR PS 
t V CONTROL 1 

QCCELERAIOR 

CATnoOE 
KEEPER 
OUFFER AMP 

CATnooE 
VAPORIZER 
BUFfER AMP 

CATMXE HTR 
SUPPLY 
OUfFER AMP 

SUPPLY 
BUFFER AMP 

CATWOE 

( I CONTROL 1 

MAIN 

( I CONTROL 

+ nEATER PS 

+ ISOLATORPS 

NEUTRALIZER 
KEEPER PS 
( I COWTROL 1 

NEUTRALIZER 
KEEPER 
l U f f E R  AMP 

NEUTRALIZER NEUTRALIZER 
VAPORIZER VAPORIZER PS 

t I CONTROL ) EUCFER AMP 

NEUTRALIZER NEUTRALIZER 
M A T E R  4 MEATER+S 

( 1 CONTROL 1 BUFFER AMP . 
I E T %  I W L O G  RLfERLNCE OR 

SEW€ S C W L S  

U L06K C O N r n L  SIGNALS - - - - - 

F i g .  1 T h r u s t e r  Control  System B l o c k ' - r ) i a g r a m .  
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3.1.8.2 A closed loop proport ional control  i s  required f o r  
each o f  the vaporizer power supplies (1, 3, and 6). 
Figure-2 show.. an example o f  a block diagram for the 
c i r c u i t r y  needed t o  control  the main vaporizer. A 
control  voltage i s  supplied as the beam current 
reference, I i n t o  an appropirate scal ing c i r c u i t  
(shown here !!'scaling the reference from 2 V/A t o  2.4 V / A ) .  
This signal i s  then transmitted t o  a comparator c i r c u i t  
where i t  i s  compared w i th  the output o f  the beam current 
sensor, generating an e r ro r  voltage, V , which i n  tu rn  
i s  scaled t o  provide the necessary c o n h l  voltage, Vc, 
f o r  the voltage programable vaporizer power supply. 
Mechanization o f  t h i s  approach i s  not c r i t i c a l ,  however 
the control  c i r c u i t  gain and frequency response should not 
permit o s c i l l a t i o n  o r  d r i f t  when coupled w i th  the thruster 
character ist ic.  As noted i n  para. 3.1.3.. the feedback 
control  for  the cathode vaporizer i s  the discharge voltage, 
and f o r  neutra l izer  vaporizer, the neutral  i t e r  keeper 
vo l  tage. 

3.1.8.3 The thruster  control  system block diagram shown i n  Fig. 1, 
contains a block labeled "Variable Setpoint Th ro t t l i ng  
Control''. I n  most cases t h i s  block w i l l  have t o  be 
sa t i s f i ed  i n  the power processor by using a combination 
o f  pre-formulated, manual ly-determined references and 
automatically determined (e lec t ron i ca l l y )  references. 
One example o f  set-point references tha t  should be given 
special a t tent ion covers a requirement f o r  con t ro l l i ng  the 
re la t ionshjp betwen I and I and between I and I s .  
I f  pract ica l ,  an interyock tyge c i r c u i t r y  l o $ i c  should be 
incorporated such tha t  

= 0 i f  I9 > - 1.0 A 

I5 = 0 i f  I7 > 1.0 A 
L 

These r e s t r i c t i o n s  prewrent the cathode heaters from being 
damaged by excessive temperatures. 
pract ica l ,  the operator must be especial ly cautious t o  
prevent simultaneous operr'; o f  the heater i n  combination 
w i th  high cathode emissir Jnts. Heater turn o f f  times 
and emission current 12.. I. ' .  3 be monitored and 
recorded i n  d e t a i l  when . a+r i V-ontrol i s  required. 

I f  such log i c  i s  not 

4.0 PROCEDURES 

4.1 Power Processor Checkout 

Per iodical ly,  and i n  pa r t i cu la r  p r i o r  t o  performing and acceptance t e s t  as 
prescribed i n  IPD-PR-l3S, the power processors used f o r  operating 30 cm 
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,-. - . -  

- .  
. .  
% .  . . , . l ~ ~  i n  accordance w i th  design speci f icat ions.  

.:m should be connected t o  r e s i s t i v e  load banks and operated t o  
the capab i l i t y  of the power processor t o  supply the currents and 

. A check should be made with regard t o  the adjustment o f  
reference set-points (control  set t ings) f o r  the fol lowing: 

. .  
. ,  

0 Neutral i z e r  keeper voltage 

0 Discharge voltage 

0 Beam current 

0 Beam voltage 

0 Accelerator voltage 

0 Discharge current 

A f te r  completing the checkout operation o f  the power supplies on 
r e s i s t i v e  loads, a l l  heater supplies (1-6) should be adjusted f o r  
minimum current output. The current set-point f o r  the neutra l izer  
keeper supply (No. 7 )  should be adjusted t o  2.1 A and f o r  the 
cathode keeper power supply (No. 8)  t o  1.0 A. The discharge power 
supply (No. 9) controls should be adjusted f o r  a current output o f  
6.0 A. 
t o  provide 600 V and 300 V respectively. The output o f  the magnetic 
b a f f l e  power supply should be set t o  zero (or for min. current).  

. -  -. ..- 

The beam and accel power supply controls should be adjusted 

F o m  f'rocessor/lhruster Connection 

T w  zznnection o f  the power supplies t o  the thrl;ster i s  shown schematically 

ce-  -:tions. For performance evaluation, i t  i s  considered more appropriate 
:c - e m r e  the quant i t ies required d i r e c t l y  using an " i n - l i ne "  data acquis i t ion 
cit-'-.'t w i t h  connections as shown i n  Fig. 4 and described i n  more d e t a i l  i n  

1 p  5 - -  =. 3 f o r  the purpose o f  i den t i f y i ng  current paths and l i s t i n g  current - -  

~~,;+141, 

L .- -*..!.I Af te r  completion of power processor check-out and prel iminary thruster 
preparation, the power processor i s  connected t o  the thruster  using 
an i n - l i n e  data acquis i t ion c i r c u i t  as shown i n  Fig. 4. 
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Fig. 4. Acceptance Test Circuit  Diagram 
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HUGHES 
RESEARCH LAaORATORIES 

MALIE)U, C A L I F O R N I A  
I 

~ ) P C C I F I C A T I O N  TITLE 

Instrumentation and Cal i  brat ion 

I 

1 .. Scope 8 

This document speci f ies the equipment, 

i 
L! 

the w i r ing  diagrams, and procedures tha t  
are necessary t o  provide the instrumentation for .  performance o f  acceptance tes ts  and 

other evaluations o f  operating charac ter is t i cs  o f  30 cm ion  thrusters. 
procedures are a lso provided t o  ensure tha t  accuracy o f  the data obtained i s  adequate 
f o r  a d iscr iminat ing comparison between t e s t  and accepted standards. ' 

Cal ibrat ion 

2. Applicable Documents 

2.1 Faci 1 i t y  Speci f icat ions 

2.1.1 

2.1.2 IPD-PR-140 - Power Processor 

IPD-PR-139 - Thruster Test F a c i l i t y  

2.1 - 3  NASA chi134687 

3. Requirements 

3.1 Equipment required f o r  thruster  tes ts  

3.1.1 

3.1.2 

3.1 - 3  

8 

Power Processor 
A power processor o r  co l l ec t i on  o f  power supplies as described i n  
IPD-PR-140 

In-Line Data Acquisit ion C i r cu i t  
An i n - l i n e  c i r c u i t  as shown i n  Figure 1 i :  . , ru i red t o  make the 

measurements o t  current and voltage necesssa y f o r  determining 
performance character is t ics  . 

Propellant Reservoir as described i n  paragraph 3 . 3  o f  IPD-PR-139. 
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Fig. 1 Acceptance Test Circuit  Giagram 
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3.1.4 D i g i t a l  Multimeter 
A h igh qua l i t y  d i g i t a l  multimeter i c  =q  essential complement t o  the 
i n - l i n e  data acquis i t ion c i r c u i t  il. a t  a l l  cuvrents and voltages 
w i l l  be measured w i th  t h i s  meter. rhe important speci f icat ions are: 

o 4+ d i g i t a l  d isplay 
o .05% t 1 d i g i t a l  accuracy or  bet ter  
o 0perab:e up t o  1.1 kV above ground 

A Keithley tlodel 178 i s  an example c'i a multimeter t h a t  has the 
required specif icat ions. 

3.1.5 Mass Spectrometer Ion Beam Probe 
The vacuum f a c i l i t y  must be equiF-cd wi th  a mass spectrometer ion  
beam probe f a r  ew lua t i ng  the th rLa t  losses resu l t i ng  from doubly 
charged ions ;,Id non-axial ion t ra jec to r ies .  A descr ipt ion of the 
probe and the data acquis i t ion techniques has been given i n  the 
ap,andix o f  NASA CR134687. 

3.1.6 Oscilloscope and Clamp-On Type Current Probe 
An osci l loscope capable o f  d isplaying voltage and current waveforms 

- f  a t  frequencies up t o  a minimum o f  C:! kHz i s  required. An induct ive ly  
coupled probe or  current t r a n s f o r i w  capable o f  sersing the discharge 
current (therefore insulated for a t  ;east 1200 V stand-off) i s  11co 
required f o r  recording voltage and current waveforms. 

3.2 Cal ibrat ion 

.- 

3.2.1 Comnerc i a 1 Instrumentation 
A l l  comerc ia l  instruments w i l l  be cal ibrated i n  accordance w i th  the 
manufacturers speci f icat ions wi th  t racabi l  i t y  t o  primary standards. 
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3.2.2 In-Line Data Acquisition Systems 
Current sensing resistors w i l l  be measured with a resistance bridge 
that has been calibrated against pr imry  standards. I f  values 
d i f f e r  from those shown i n  Figure 1 by greater than 0.596, the 
resistor should be replaced. 

3.2.3 Mass Spectrometer Ion Beam Probe 
Calibration of the mss spectrometer ion beam probe i s  performed 
routinely as part of  the data acquisition procedure. 

t 
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HUGHES 
RESEARCH LABORATOr?IES 

1.0 SCOPE 

This docunent specifies the procedures and tests to be performed during 
installation o f  a 30 cm thruster on a vacuum-chamber-facility thruster mounting 
i n  preparation for operation. . -  

2.0 APPLICABLE DOCglENTS --- 
'2.1 Facilit; specification IPD-PR-139. , 

S 

2.2 Wiring interface drawing 1095023. 
4 

3.0 REQU1RE:lENTS 
3.1 Haterials -- 

3.1.1 White gloves. 

3.1.2 Yachine screws, f i  each, -250 i n  x 23 UNF-ZB, -74  in Icrlg. I 

3 . 1 . 3  MoS2 thread lubricant 

3.2 Eptient 
3.2.1 30 cm thruster 

3.2.2 Thruster mounting. 

3 . 2 . 3  Hand tools. 

I 

I 

I 

c 

3.2.7 Copy of assembly record resistance measurements. 

3.2.8 Vertical height gage or measuring fixture. 
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Page 2 of 9 ~ 

8.0 PROCEDURE 

4.1 Mechanical Mounting 
T h e  f i r s t  step i n  preparing the thruster  f o r  t es t i ng  i s  i n s t a l l a t i o n  
o f  the th rus ter  on a vacuum-chamber-faci 1 i t y  thruster  mounting as 
shown i n  Fig. 1. 

4.1.1 

4.1.2 

4.1.3 

4.1.4 

4.1.5 

Record the th rus ter  s e r i a l  number 

Lubr icate the threads o f  the mounting fasteners (8 ea.,.250 in .  x 
28 UHF x .75 in. machine screws). 

TECH: 

Hear white,gloves when handling tbe thruster  and grasp the 
th rus ter  case by the f ' t i ibal pads, i n  so fa;* as possible. Remove 
the th rus ter  from the s h i p p i v  frame and place i t  on the 
mounting brackets as shown i n  Fig. 1, securing the th rus ter  i n  place 
with 2 screws i n  each mounting pad ( f i nge r  t i g h t  only). 

Using a v e r t i c a l  height gauge and d i a l  ind ica tor  or a s im i la r  
measurement f i x t u r e  as i l l u s t r a t e d  i n  Fig. 2, the alignment of 
the thruster  (accelerator g r i d )  i s  checked. Record the distance 
as measured i n  each o f  the four quadrants belaw. The top of the 
th rus ter  ( f a c i n g  the accelerator)  i s  designated as 12 o'clock. 

12 o 'c lock - 
3 o'c lock - 
6 o'clock 

9 o'c lock 

TECH : - 
DATE : 

In  order t o  maintain the aogular alignment, the d i f ference 
between the 12 o 'c lock a m  6 o 'c lock measurements and between 
the 3 o'ciock and 9 o'clock measurements should not exceed 
0.200 i n  (.5 cm). I f  the differences are greater, looscn the 
mounting fasteners and s h i f t  the thruster  (using shim stock 
i f  necessary) t o  obtain the tolerance indicated. When t h i s  
has been achieved, t igh ten  the fasteners t o  torque and 
re-check the measurement. I n s t a l l  two more fasteners i n  each 
gimbal mounting and the mechanical i n s t a l l a t i o n  i s  cmI;leted. 

i 
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I PO-PR- 1 42 
Page 5 of 4 

4.2 Propellant Connection 

The thruster  i s  equipped with a manifold f o r  the propel lant  suppiy t h a t  
should be found wi th a blank p l a t e  covering the propel lant  input. The 
connections are made as fol lows: 

4.2.1 Remove the blank p l a t e  used f o r  thruster  t r a n s i t .  Mask t h i s  
p l a t e  and s tore f o r  f u tu re  use. Retain the fasteaers f o r  
attaching the propel lant  manifold. 

4.2.2 Posi t ion the t e s t  nani fo ld  t h a t  i s  equipped w i th  a propel lant  
l i n e  from each reservoir  so tha t  the index mirkings are al igned 
and replace the fasteners. Incorrect  al ignmtnt w i l l  connect the 
reservoirs improperly. Cer t i fy  t h a t  the alignment i s  correct. 

TECH : 1 

- -  DATE : 

4.3 E lec t r i ca l  Connections .: 1 

The thruster ' S  f i t t e d  w i th  2 w i r i ng  bundles with the wires numbered as 
shown on drawing 1095023. 
and c inected t o  the terminals provided on the thruster  mounting i n  such a 
way as t o  protect  the wires from being coated by back-sputtered beam 
target  material a :d acainst abrasion o f  the insulat ion.  

The wire bundles must be appropriately routed 

4.3.1 I d e n t i f y  the wi r ing numbers i n  each wire bundle and con:?ect t o  
the terminals proviaed i n  such a way tha t  connection of the 
power processor can be mdde as shown i n  Fig. 3 using the connectors 
tha t  are external t o  the vacuum f a c i l i t y  enclosure. 
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Fig.  3 Acceptance Test Circuit Diagram 
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4.3.2 Perform an e l e c t r i c a l  resistance checkout t o  complete the 
attached data sheet f o r  comparison w i th  the sheet prepared 
during the f i n a l  phase o f  thruster  assembly. 

4.3.2.1 The heater and magnetic b a f f l e  c o i l  r es i s t .de  
measurements (marked A on the data sheet) are t o  be 
measured with a resistance bridge. Resistance 
measurements should b t  mzde a t  the terminals on the 
ex ter io r  side of the vacuum seal. Record the 
resistance bridge type and cal  ibrat ion reference. 

Res istance bridge 

4 .  

I 
Cal ibrat ion:  

TECH: DATE : 

4.3.2.2 The measurements made t o  check the insu lat ion capab i l i t ies  
(marked E on the data sheet) are nlade w i th  a "megger" 
type i r isulat ion tester.  Record the manufacturer and 
model number and voltage output o f  the instrument used. 

Manufacturer and Model No. 

TECH: DATE : 

The remaining con,,.iuity or  insu lat ion tests  a r e  made 
w i th  a low voltage (battery operated) type o f  ohmeter. 
(These measurements are designated by a C on the data sheet.) 
Record the manufacturer and model number o f  the instrument 
used. 

4 . 3 . 2 . 3  

Manufacturer and Model Number 

TECH: DATE: 

, 3 . 3  Compare the measurements made with those recorded e a r l i e r  during f i n a l  
thruster  assembly. iizconcile any dif ferences and note below. 

NOTES: 

TECH : 
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-- ASSEI-lBLY RECORD a .  

3 ‘  

‘r 

Optics Assembly S/N - 
C I V  Assembly S/N Cat h - Keeper Spac i ng u. 

NIV Assembly S/N Neut-Keeper Spacing I 

r 

i 

MIV Assembly 

Cathode Heater 
Main Vaporizer 
Cathode Vaporizer 
Neutral i zer Vaporizer 
Neutral izer Heater 
Main Isolator 
Cathode Isolator 
Magnetic Baffle 

u 

ELECTRICAL RESISTANCE CHECKOUT 
Temi nal s Resistance(0) 
10-15 Q 
7-1 4 Q 

1-14 ’ . n  
4- 14 R 

- e  

HV Return - Outercase 
HV Return - Accel 
HV Return - Discharge 
HV Return - Cath. Keeper 
Accel - Outercase 
& u t .  Keeper - Ncut. Common 
NeLt. Coninon - Outer case - 

3-5 
8-1 5 

13-1 5 
12-15, 

15-Outercase 11 ‘I) 
?: 15-6 . - *  

0 

15-9 
15-11 

2 -‘5 
6:Oute rcase 

5-Ou tcrcase 
1 t h r u  15-Outercase 

Q 
0 
Q 

n 
n 
Q 

B 
n 
n 
n 
n 

- .  - 
A l l  Terminals - Outercase 

Thermocouple n” - - n - . Res. -- iota t i on Type - 



IPD-PR-142 

Page 9 of 9 ~ 

4.4 Final  Inspection 

Perform a visual  inspection t o  ensure t h a t  a l l  w i r ing i s  appropriately 
routed, shields are i n  place and secured, the vacuum sealing surface i s  i n  
good condit ion, and t h a t  the thruster  appears ready t o  i n s t a l l  i n  the 
vacuum t e s t  f a c i l i t y ,  
persons by i n i t i a l l y  below. 

Final inspection should be c e r t i f i e d  b; a t  l eas t  two 

TECH ; 

TEST E K I X E R :  

DATE: 
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Data Formats f o r  Thruster Documentation 
" ,  

t I I I 1 

I 1 I I 
1. 

2. 

3. 

' SCOPE - 
This document contains a se t  of data formats tha t  are intended t o  represent the 
documentation for thruster  operating character is t ics  when completed i n  accordance 
w i th  the t e s t  procedures described i n  IPD-PR-138 and the addi t ional  i n s t r u c t i m s  
contained here. 

APPLICABLE DOCUMENTS 
# 

2.1 1 PO-PR-138 
1 

2.2 

2.3 Power processor documents. 

Assembly records fo r  thruster  being documented. 

REQUIRE\IENTS 

3.1 Data Formats 

The fo l lov ing  data formats are included i n  t h i s  IPD. 

Acceptance Test DoGmentation (1 j 
Acceptance Test Operating Time Log (1) 

Acceptance Test Summary (1) 
Acceptance Test Data For:Principle Thro t t l ing  Points (1) 
Osc i l la t ion  V e r i f i c j t i o n  Summary (1) 
Ion Extract ion Assembly Perveance Sumnary (1 ) 
Acceptance Test Operating Time Log (1) 
Prel imincry Cathode Conditioning (2) 
Thruster Startup Procedure (6) 
Acceptance Test Data Format (10) 
Propellant Flow Data (5) 
Extract ion System Perveance Data (1 ) 
Minimum Discharge Current Characterization (2) 
Magnetic Baf f 1 e/Di scharge Character i za t i  on (2) 
VNK/TNV Characteristics il) 
Neutral i z e r  Characterization Data (5) 

101 

' ,i. 
. +.' 



b 
4, PROCEDURE 

4.1 Separate the data formats from the IPD and d i v ide  i n t o  two groups, 
Summary sheets and Data formats. F i l l  i n  the s e r i a l  number data 
f o r  the thruster  t o  be tested on the sunmary sheets and set them 
aside f o r  use i n  preparing the Acceptance Test Documentation. The 
remainder o f  the package comprises the data sheets f o r  use i n  
performing the tests  as prescribed by IPD-PR-138. 

. 
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COMMENTS : 

ACCEPTANCE TEST DOCUMEIiTAT ION 

THRUSTER S/N 

I O N  OPTICS tLECTRODES S/d _._ 
4 

I O N  OPTICS YOUNTING S/ N 

IV-M ASSEMBLY S/ N 

IV-C ASSEMBLY 
b 

I. ' q  

Iv-rd ASSEMBLY S/N' 

TEST PERIOD t o  

i 
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ACCEPTANCE TEST OPERATiNG TIME LOG 

bate 
t 

S tar t  Beam on 
Time o f  Time o f  

I , day Day 

Start-up 

Beam on 
Tfme o f  

Day 

Beam on Beam o f f  
T h e  o f  Hours Time 
Day 

I 

Total 
Time 
Hours 

. 
- .  

. .  

Beam on Time 
. 1 Cumulative 

I- 

- -** --- 

Conments 

I 
7 



b ACCEPTANCE TEST SUWARY 
Thruster contract. 

1 3 - 10 4 - 5 
P 

6 - 

f . ...- - .  

.. 

. 

e 

A ’  W’ 
A 1  cv’ 1 

MI’ A 
. - .  

- .  

.. . . 
e 
h 1 

tot ’  

. .. .. 

. -  

1 Equivalent amperes neutral f low 

All points have VA = -300, INK = 1.8 A, ICK = 1.0 A 

-.-.e.-- .....- -I-*-.--- 
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t .  
k 

. .  

, 
i 

OSCILu\TIo# VERIFICATIOW supI#ARIT 

DATE THRUSTER 

M R  PROCESSOR TYPE 

NOTES 

e 

OSCILLATION FREQUENCIES A 

"D 

1 

ICK 

COMMENTS 
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I 
i 
f *  

PREL In I NARY CATHODE CON01 T I  ON I NG 

, .  

! '  

THRUSTER SERIAL NUMBER 

DATE THRUSTER INSTALLED I N  VACUW FACILITY 

VACW FACILITY DESCRIPTION 

WER PROCESSOR DESCRIPTION 

. 

PROCEDURE CONTROLLED BY IPD-PR-138 

EVENT 

1. Turn on heater 
current (para. 
4.3.3.2; low level) 

2. Readings a f te r  one 
hour. 

Readings a f te r  two 
hours 

4. Readings a f ter  
three hours 

5. Turn o f f  heaters 

6. Turn on heater 
current (high 
1 eve1 ) 

m e  hour 
7. Readings af ter  

8. Turn o f f  heaters 

i 109 f 



. 
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Thruster Date 
ACCEPTANCE TEST DATA FORMAT 

111 



PROPELLANT FLOW DATA 

DATE : THRUSTER RESERVOIR 

CALIBRATION FACTORS: 

l e s t  Time o f  
P o i n t  Day 

f 

i 
I 1 

1 

c NEUTRAL I ZER 
CATHODE 
MkiN 

I 

i 
i 
i 
i 
i 
i 
I ’  

I 

t 
! 
i 

i 
i 
t 

i 
i 
! 
i 

i 

I 
i 

! 
112 
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f 

i 1 

i 
i 
i f 

I 
I 

! 

i 
i 
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C. 

EXTRACTION SVSTEM PERVEANCE DATA 

DATE THRUSTER CHAMBER PRESS 

1.3 

CICIII...... 

; 75 

i 
1100 i 

i 
1100 
1040 
1000 : 
950 i 

I 
i 

..--.- -.-.- .... +- 

I 
I. 

940 ! 
1 

! 

950 I I 
900 ; i 
850 i 

1100 ; 
1000 ; 

1 

, 
i 
i 

? i 

IHV 
A 

IE = 12.0 T.P. #l 
IE  - 15.6 (250 eV/ion) 

i 

I E  - 10, T.P. #4 
= 12.5 (250 eV/ion) I E  

--ru.ua)- *-.(.--*.-- r.r- --y- 

IE = 8.5, T.P. 66 
IE = 10.1 (250 eV/ion) 

1 

1100 
1100 
1000 
900 
800 
750 
700 
650 

i 

i I 

i 

t 

i 

i 
I 
i 

i 113 

i 
,’ = 5.75 T.P. #a I 

= 5.85 (250 eV/ion) I IE 

i’ 
i > 

1 z 
? 

1 

I 
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MIWIMUM OISCHARGE CURRENT CHARACTERIZATION 
Procedure Para. 4.7, IPO-PR-138 

'u 

DATE -c --- THRUSTER Page 1 o f  2 

? 

8.5 
i 8.0 
I 7.5 
i 7.0 
! 6.8 
.; 6.6 
i 6.4 
.' 6.2 

I 

I 

' i i i i 
, 
I 

I 
f 

i 

t 
1 
I 

t 

.. 
: 
i 

i 

! 

i 
114 ! 

1 
I 

; 

' T e s t  P o i n t  No. 6 ,  Table 5.1 i 
; 

: 

I 
< 

4 



I 

1 
1 
! MINIMUM DISCHARGE CURRENT CHARACTERIZATION b 

(Continued 1 

Test  
Plait 

7.0 
6.6 

COMMENTS 

t ...-'-..---.-I. 4 ifest P o i n t  No. 7, Table 5.1 
I 

i ! I ! 
i 

i 
t 
i 
I 
I 
i I 
1 
I 

[ 
! 

I 
I 

I 

i 
i 
i 
I 

t 

I 
! 
! 
t 
! 

i 



t NAGNET IC-BAFFL E/D I SCHARGE CHARACTER I U T  I ON 

Procedure Para.  4.5 IPD-PR-138 

DATE THRUSTER Page 1 o f  
-I__ 

COME NT S 
Time o f !  Test  I ! IMB I TCV 

i P o i n t  1 
...I 41- 

I 1 1 

. - . - . . . - . . . . -. . . . _ 

. .. 
I 1 
! -. i 

P - . -- -- -  - 

_ -  . 
! 

1 

I 

i 
4 

I -- - ?  

! 
t 
i 
I 
! 

. .. 

I-- 

I 

i 

I 

I 



i -  

: . (  
; .  

c 

I- 

- 



NEUTRALIZER CHAMCTERIZATIOhl DATA 

Test Polnt 

'B * I D  'HB - 
VB = WD = I N K  = . 

- 
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ANALYSIS OF CORRECTION FACTOBS FOR BEAM DIVERGENCE A19D DOUBLY CEARGED 
IONS THAT OBTAINED I N  CEABACTKRIZATION TESTING OF THRUSTER SN 33 

The ana lys i s  of co r rec t ion  f a c t o r s  reproduced here  was performed by 

Only the symbols have Mr. R.T. Bechtel c f  NASA's Lewis Research Center. 

been changed t o  conform to  those used i n  t h i s  report .  

Suooillary of Beam Divergence Thrust Loss Reduction Factor ,  FT 

A l l  values  of FT measured f o r  t h r u s t e r  53 are shown i n  Tables B1 

through B5 f o r  t he  t h r o t t l i n g  po in t s  shown i n  Figure B1. 

t i o n  shows no uniform, monotonic v a r i a t i o n  of FT with Jm, JE, VD, or Vb 

at  a given beam current .  There does however appear t o  be a cons i s t en t  

decrease i n  F as V is increased to  528 V. This v a r i a t i o n  is not  T Accel 
unexpected s i n c e  high V 

Initial e-ina- 

tends to  cause over focusing of ions. 

b 

Accel 
I f  i t  is assumed t h a t  t h e  v a r i a t i o n  i n  a l l  d a t a  a t  a given J is dua 

MB' JEs 'D' Or 'b ('Accel t o  d a t a  error r a t h e r  than the  v a r i a t i o n  of J 

w i l l  be discussed separa te ly) ,  then t h e  average value and t h e  s tandard 

devia t ion  f o r  each beam curren t  can be calculated.  This is shown i n  

Table B6. Note the  devia t ion  is less than 1.56 x (W.16% of 

average) and the  range of values  f o r  a given J 

l e s s .  

maximum value of 0.9867 appears t o  be an anomalous reading. I f  t he  

d a t a  f o r  VAccel v a r i a t i o n  is a l s o  included t h e  devia t ions  genera l ly  

increase  a t  each J 

l a t i o n ,  t he  average values  probably are within the  accuracy of t he  

measurement technique. 

da ta  a r e  p lo t t ed  i n  Figure B2. 

is t y p i c a l l y  0.0022 or b 
The s i n g l e  exception appears t o  be the  0.75 A J where t h e  b' 

However, f o r  purposes of a t o t a l  e f f i c i ency  calcu- b' 

The average values  of FT with in  and without VA 

Table B7 shows the  average of a l l  da ta  a t  a l l  values  of J Note bo 
t h a t  excluding a l l  o r  p a r t  of the  V 

the  average only i n  the  4th decimal place. 

l e s s  than 2.34 x 

than 0.0005. 

€or any value of J 

da ta  o r  Jb = 0.5 A d a t a  a f f e c t s  A 
The s tandard devia t ion  is 

and the  maximum deviat ion from the  average is l e s s  

Thus i t  appears t h a t  e i t h e r  an average value of 0.985 
(from 2.0 to 0.5 A) o r  the  value taken from the  b 
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Ob 0.6 oa 1.0 1.2 1.4 1.6 1.8 20 

BEAM CURRENT, J p  A 

Figure B1. Throttling points for 30 cm J-series thruster. 
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WiTHOUT V A a L  DATA 

WITH V A m L  DATA 

3 I I I I I I I 
6.4 0.6 0.8 1.0 1 2  1.4 1 8  1.8 2.0 

BEAM CURRENT, A 

Figure B2. Factor for beam divergence, FT, as a function 
of beam current. 
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curve of Figure B2 should not s i g n i f i c a n t l y  a f f e c t  a total  e f f i c i e n c y  

ca l cu la t ion .  

Summary of Doubly Charged Ion Thrust Loss Reduction Factor,  u 

b’ Tables B 1  through 85 show t h a t  a is not a s t r o n g  func t ion  of V 

a t  a given beam curren t .  The v a r i a t i o n  caused by 
J%9 Or Accel 
inc luding  t h e  e f f e c t  of JE is only s l i g h t l y  g r e a t e r ,  bu t  t he  e f f e c t  of 

v a r i a t i o n  of V 
appears t o  be random with no d e f i n i t e  t rend  e s t ab l i shed  by t h e  d a t a  

f o r  a l l  Jb. 

decimal p lace ,  and appears t o  be cons tan t  over t he  range of J 

is t he  same as f o r  V var i a t ions .  No def i -  Jb. The e f f e c t  of VAccel 

n i t e  t rend  is apparent. A t  some .J 

Jb, a w i l l  decrease. 

formed) as sh~wn i n  Table B8; t he  magcitude of t h i s  e f f e c t  is small, 

but t he  v a r i a t i o n  is es t ab l i shed .  

is much more s i g n i f i c a n t .  The v a r i a t i o n  wi th  Vb 

is extremely small, i n  the  fou r th  

1) 

The e f f e c t  of J MB 
a t  each MB 

b 
a inc reases  wi th  VA, bu t  a t  o t h e r  b’ 

The e f f e c t  of i nc reas ing  J is t o  decrease a (more double ions  E 

These d a t a  are shown i n  Figure B3. Note t h a t  t h e  va lue  of a appears 

t o  l e v e l  o f f  as J is increased s u f f i c i e n t l y  beyond the  s tandard  operat- 

ing point. 

Figure B3. The decrease i n  a with inc reas ing  V is l a r g e  e s p e c i a l l y  

a t  t he  higher Jb. 

is reduced. 

E 
The e f f e c t  of i nc reas ing  VD is shown i n  Table B8 and 

D 
As J is lowered, t h e  e f f e c t ,  although st i l l  present ,  b 

A summary curve of a l l  V = 32 V d a t a  is shown i n  Figure B4. Tr, a D 
first order ,  t h i s  curve is accura t e  with a standard dev ia t ion  of less 

than 1.8 x (<0.2% of average). This curve does treat  the var ia -  

t i o n  of a with J a s  d a t a e r r o r , w h i c h  is probably not accura te ,  bu t  the  

v a r i a t i o n  is small enough t h a t  s i g n i f i c a n t  e r r o r s  a r e  not introduced. 

The e f f e c t  of V is more pronounced and should be evaluated using the  

da t a  of Figure B3. 

E 

D 
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Figure B 4 .  a as a function of J,, for V = 32 V (data of Table B8). D 
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Sununary of Total Thrust Reduction Factor 

The total thrust reduction factor is y = FT. Table B9 summarises 
the variation of y as a function of JB using the average values of 

Tables B3 and 84 and Figures 82 and B4. 
of a is not included in this curve. 
Figures B5 for y (thrust reduction) and y 

The effect of V,, on the value 

2 
These data are plotted in 

(total efficiency reduction). 
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current for "standard" operating conditions. 
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= 340 V) 32 '' 'Accel Table B1. Effect of V (JE, Jm = STD, VD b - 
Jb 

2.0 
- 

1.6 

1.3 

1.0 

0.75 

- 

- 
"b 

1100 

900 

1100 

940 

695 

1100 

820 

731 

1100 

900 

700 

647 

1100 

900 

600 

- 

- 

Ci 

0.9657 

0.9692 

0.9707 

0.9747 

0.9750 

0.9785 

0,9785 

0.9818 

0.9850 

0.9841 

0.9838 

0.9844 

0.9909 

0.9878 

0.9898 

- 
FT - 

0.9860 

0.9868 

0.9868 

0.9874 

0.9868 

0.9877 

0.9857 

0.9861 

0.9843 

0.9848 

0.9841 

0.9845 

0,9851 

0.9830 

0.9816 

127 



Table B2. Effect of Jm (V,, JE = ST3; VD = 32 V; VAccel - 340 V) - 
Jb - 
2.0 

1.3 

0.75 

- 

- 
JMB - 
2.0 

2.1 

2 .3  

2.4 

2.6 

2.2  

2.4 

2.7 

3.2  

3.4 

2.4 

2.8 

3 . 0  

3.2 

3.4  
- 

a 

0.9653 

0.9657 

0 . 9660 

0.9669 

0.9671 

0.9786 

0.9788 

0.9785 

0.9789 

0.9782 

0.9917 

0.9918 

0.9898 

0.9917 

0.9903 

-- 
FT - 

0.9875 

0.9860 

0.9881 

0.9882 

0.9876 

0.9865 

0.9865 

0.9857 

0.986a 

0.9862 

0.9823 

0.982C 

0.9816 

0.9815 

0.9822 
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- 340 V) Accd Table B3.  Effect of VD (Vb, Jm, JE STD; V 

Jb 

2.0 
r 

1.3 

0.75 

- 
"D - 
31 

32 

34 

36 

32 

34 

36 

31 

32 

34 

36 - 

0.9721 

0.9657 

0.9580 

0.9452 

0.9785 

0,9718 

0.9660 

0.9893 

0.9898 

0.9873 

0.9815 

FT 

0.9877 

0.9860 

0.9876 

0,9866 

0.9857 

0.9867 

0.9867 

0.9867 

0.9816 

0.9815 

0.98?4 
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Table B4. Effect of JE (Vb, J?= STD, VD = 32 V, VAccel = 340 V 

0.7 

> 

- 
JE - 

12.0 

11.75 

11.4 

11.25 

9.5 

9.0 

a. 5 
8.0 

5.5 

5.75 

6.25 

6.75 
- 

- 
a 

0.9657 

0.9675 

0.9689 

0.9708 

0.9757 

0.9779 

0.9785 

0.9827 

0.9915 

0.9898 

0 9892 

0.9876 

FT 

o b  9860 

0.9876 

0.9874 

0.9878 

0.9859 

0.9858 

0.9857 

0.9860 

0.9826 

0.9816 

0.9823 

0.9812 
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Table B5. Effect of VA (JE, Jm STD; VD 32 V) 

Jb 

2.0 

1.3 

0.75 

0.5 

'b 

1100 

1100 

820 

1100 

600 

1100 

38 7 

525 

340 

380 

518 

339 

38 3 

521 

328 

36 7 

306 

385 

521 

FT 

0.9785 

0.9799 

0.9790 

0.9785 

0.9780 

0.9802 

0.9909 

0.9913 

0.9889 

0.9898 

0.9938 

0.9946 

0.9952 

0.9931 

0.9860 

0.9853 

0.9877 

0.9856 

0.9830 

0.9857 

0.9851 

0.9831 

0.9851 

0.9815 

0.9807 

0.9816 

0.9817 

0.9826 

0.9819 

0.9806 
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Table I%. Summary of Fm at Various Jb 

Parameter ( 8 )  

Varied WAccel = 340 V) 

2.0 

1.6 

1.3 

1.0 

0.75 

2.0 

1.6 

1.3 

I.@ 

0.75 

0.5 

- 

I 

FT AVG 

0.9874 

0.9870 

0.9863 

0.9844 

0.9826 

0.9872 

- 

0.9858 

- 
0.9826 

0.9817 

S 

6.37r  
3. 46'4 

5 .  52'4 

2.99-4 

1. s6-3 

8.4S-4 

- 
1 . 2ze3 

1. S? 

1. 

0.9882 - 0.9860 

0.9874 - 0.9868 

0.9877 - 0.9857 

0.9848 - 0.9841 

0,9867 - 0.9812 
(0.9826) 

0.9882 - 0.9853 

0.9877 - 0.9830 

0.9867 - 0.9807 

0.9828 - 0.9806 
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Table B7. Summary of F at all JB T 

A l l  Data ( 5 5 )  

All Data Except VA d 340 (44) 

A l l  Data Except Jb = 0.5A (52) 

All Data Except VA - 528 (50) 

FT (AVG) S 

0.9849 2.43-3 

0.9854 2.19'~ 

0.9851 

0.9851 

NOTE: ( ) = No. of Data Points 

S = Standard Deviation 
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Table B8. Summary of a a t  Various Jb 
~~ ~ 

Parameters Varied Jb 

2.0 

2.0 

2.0 

1.6 

1.3 

- 

1.3 

1.3 

1.0 

0.75 

0.75 

0.75 

0.5 - 

a (AVG) 

0.9668 

0.9675 

0.9654 

0.9734 

0.9790 

0.9789 

0.9778 

0.9843 

0.9908 

0.9905 

0.9897 

0.9943 

NOTE: ( ) = No. of Data Points 

S = Standard Deviation 

- 
5 

1. 3-3 

1 . 7f3 
6. 

2 . C3 

i.03-~ 

1. 6r3 

3. ~2'~ 

5. 1r3 

1. 6 r 3  

1.7i-~ 

2.7~'~ 

1 . 08-3 

Table 89. Summary of A 1 1  Reduction Factors - 
Jb 

2.0 

1.6 

1.3 

1.0 

0.75 

0.5 

- 

- 

a 

0.9675 

0.9734 

0.9789 

0.9843 

0.9905 

0.994 3 

FT 

0.9872 

0.9870 

0.9858 

0.9844 

0.9824 

0.9817 

Y 

0.9551 

0.960? 

0.9650 

0.9689 

0.9731 

0.9761 

2 
Y 

~~ - 

0,9122 

0.9230 

0.9312 

0.9389 

0.9469 

0.9528 
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